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Abstract 
It is widely believed that Acacia karroo Hayne trees compete with and negatively affect the 
production of grasses in their immediate surroundings. This perception formed as a result of 
observations by farmers of their veld as well as some research. The complexity of plant 
interactions in different conditions required that research be done to better explain the extent 
of grass and tree interactions. In response to this need, the effect of a range of Acacia karroo 
densities on grass production was tested in areas of differing rainfall. Results emphasize the 
complexity of such plant interactions but highlight rainfall as influencing the effect of tree 
density on grass production and grass quality. Study sites were chosen with significant 
differences in tree density and rainfall and this was found to be concomitant with significant 
differences in grass yield and crude protein (p < 0.001). Grass yield (mass produced) was 
negatively correlated with tree density (p < 0.001) and was affected by rainfall. High tree 
density reduced grass yield at the lower rainfall sites, but a reduction in yield was only 
recorded during dry conditions in the higher rainfall areas. By contrast, the crude protein 
content of grasses was positively correlated to tree density (p < 0.001). However, as with 
yield, rainfall played an important part in the strength of the correlation. Soil properties such 
as temperature (-) (p = 0.011), phosphorus content (+) (p = 0.006), calcium concentration (+) 
(p = 0.005), acid saturation (-) (p = 0.018), and soil pH (+) (p = 0.008) were also significantly 
correlated to tree density. Tree density enriched the soil, subsequently benefitting grass 
quality. The study sites investigated, had different plant communities and environmental 
conditions with Cradock, Kubusi Drift and Kei Mouth having unique communities and 
conditions while Adelaide and Cathcart could not be separated in either. Cradock was the 
driest site and the vegetation was dominated by both grasses and karroid shrubs, differing in 
pattern and process from the other sites. The Kubusi Drift site had high tree densities, to the 
extent that the trees altered the grass species composition. The effects of rainfall on grass 
yield and quality exceeded that of community composition differences. 
The results from this trial indicate that grass production under different rainfall regimes is 
impacted differently by increased tree density. While increased tree density generally reduces 
grass production, it improves the grass quality. The extent of bush encroachment that can be 
tolerated (or even encouraged) therefore depends on the amount of rainfall, as well as year-
on-year variations in the rainfall. 
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Predictive modelling shows that the cost of bush reduction is not economically viable in the 
short term unless cheaper control methods can be used. Bush clearing costs exceeded pasture 
value gain by at least 35%. This principle is true within all the rainfall areas from the lowest 
at Cradock to the highest at Kei Mouth. The decision to reduce trees should also be informed 
by initial costs and rate of re-infestation. 
As a practical guide to farmers, the ratio between tree density and rainfall can be used as a 
threshold factor to determine when to reduce trees. At a ratio of over 8.23 tree equivalents per 
hectare per mm yearly rainfall, grass production is affected and consideration should be given 
to reducing trees in order to maintain high grass production levels. To predict grass quality, 
two separate tree ratios must be used: one for dry sites (<600 millimetres rainfall per year) 
and another for areas with higher rainfall. These findings will assist farmers to make sound 
decisions pertaining to management of Acacia karroo tree encroachment and could contribute 
to sustainable use of natural veld pastures. 
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1. Introduction 
1.1 Bush encroachment 
Bush encroachment is defined as the unwanted increase of trees in an area where they are 
normally not found or they may occur at much lower density. 
Bush encroachment by Acacia karroo Hayne (sweet thorn) trees has been known for many 
years (Scott 1970, Du Toit 1972a). Bush encroachment appears highly competitive when 
inter-plant competition is considered and it is widely believed that they affect grass 
production in particular (Engle et al. 1987, Stuart-Hill and Tainton 1988, Martin and Morton 
1993, Mordelet and Menaut 1995). The negative impact of bush encroachment on grass 
production (i.e. production loss) is believed to be significant and has been reported to be as 
high as 50% (Du Toit 1968, 1972a, Trollope et al. 1989). 
Various reasons for bush encroachment have been postulated – for example grazing pressure 
(Acocks 1975, Roquest et al. 2001, Pringle et al. 2009), fire and climate variation. Once bush 
encroachment starts, it often leads to further bush thickening that can, in dense conditions 
ultimately lead to a complete deterioration of grass cover. Some say that trees compete 
directly for available moisture, which becomes highly detrimental to grass production, 
particularly in dry seasons (O’Connor 1995b). Others again state that trees and grasses can 
coexist, retrieving water and soil nutrients resources from different soil strata (Walter 1971). 
The coexistence of trees and grasses alone might be acceptable from an ecological 
prospective but from an agricultural prospective the emphasis is not restricted to coexistence 
but also interaction and influence on production. Considering this from a farmer’s point of 
view, a higher value will be placed on the possible negative impacts of bush encroachment 
and farmers will be concerned with maintenance of grass production. 
Even as early as the seventies it was stated that under continuous grazing pressure, 
accelerated Acacia karroo tree invasion will further deteriorate the vegetation if karroid 
shrubs invade (Acocks 1975). This is a single-factor explanation and, although it made sense 
at the time, is more recently challenged as new field experimental results come to the fore 
(Ward 2005). Grazing pressure cannot be expected to be the only consideration to explain 
bush encroachment. 
The complexity of all the factors driving bush encroachment such as rainfall amount and 
frequency as well as soil nutrients should also be considered (Ward 2005). The factors 
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contributing towards tree invasion should clearly not be considered individually but 
synergistically. Some consider rainfall to be the main driver of bush encroachment (Ward 
2005). More recently it is emphasised that the perceived causes of encroachment are a topic 
of open discussion. As stated by Golubiewski (2010), the causes of bush encroachment are 
“unclear, or at least not uniform”. Though this might be the case, it remains true that bush 
encroachment is a reality and currently spreading. 
Economic impacts, because of bush encroachment, are a concern and will affect both 
communal and commercial farmers. Bush encroachment has a negative impact on agriculture, 
globally affecting economies (Uugulu and Masawi 2012) and ecosystems. A decline in 
agricultural production has caused large losses to national economies (Uugulu and Masawi 
2012). The agriculture sector often has to compete under difficult conditions in a global 
economic environment. This can pressurise farmers to practice excessive stocking densities 
that may lead to bush encroachment and reduced production levels that may be maintained if 
animal numbers are not adjusted accordingly (Stam et al. 2008, Angassa et al. 2012). This 
may cause further deterioration of already poor vegetation condition when overgrazed areas 
are invaded by non-palatable species (Louhaichi et al. 2012). Production sustainability and 
reduced plant species richness and diversity may be affected (O’Connor et al. 2011, 
Louhaichi et al. 2012). After initial encroachment, a more gradual vegetation change to 
evergreen-dominated vegetation is expected (Smith and Walker 1983). This will result in a 
reducing carrying capacity as the new vegetation will contain a high proportion of 
unpalatable species (Wiegand et al. 2006). 
Encroachment can also impact other sectors of a country’s economy, such as tourism. Several 
developing countries depend on tourism to boost struggling economies. It is shown that bush 
encroachment in conservation areas will have a negative effect on tourism, with a decline of 
visitors to encroached savanna areas (Gray and Bond 2013). 
1.2 Research needs 
Plant communities may appear to be in a stable state for many years, but then change rapidly 
over a short period of time. This could be because of a rare event that could trigger extensive 
seed production, seed dispersal or seedling establishment (Archer 1995). Scholes and Archer 
(1997) report that experimental evidence suggests that mixtures of mature trees and grass are 
all unstable in savanna environments. 
3 
 
In South Africa, Farmers see less grass under and amongst trees compared to open areas, 
giving the impression of a negative impact of trees on grass yield. As a result, Acacia karroo 
trees are seen by many farmers as a threat to natural forage production. Farmers therefore try 
to thin or eradicate thorn trees with the hope of increasing grass production, animal 
performance and ultimately farm profit. Farmers spend large amounts of money to eradicate 
this perceived invasive plant. Clearing occurs through mechanical, chemical, and/or manual 
plant removal practices, all of which are costly. The main aim of these practices is to 
ultimately increase grass production, animal performance and farming profit. 
The need for further research on this topic was stressed on various occasions. Little 
information, generally of ad hoc and limited nature, is available (Teague and Smit 1992). 
Even though research work has been done by Du Toit (1968, 1972b), Stuart-Hill et al. (1987), 
Teague (1973, 1987), Aucamp et al. (1983), Teague and Smit (1992), Hobson and De Ridder 
(1993) and De Ridder (2003, 2005), studies did not consider the accumulative effects of 
various influencing factors. As a result more questions were raised and several of these 
remain unanswered. Questions concerning the impact of rainfall on bush encroachment and 
grass cover production were already raised by Aucamp et al. in 1983. They emphasised the 
need for research to demonstrate the interaction between rainfall and tree density on grass 
production. Stuart-Hill in 1987 also raised the question of how seasonal rainfall influenced 
grazing and browsing models of the time. Current available information on the impacts of 
Acacia karroo bush encroachment is minimal and limited to a small area (Adelaide) within 
the Eastern Cape.  
Available research suggests that Acacia karroo bush encroachment decreases grass 
production (Aucamp et al. 1983, Stuart-Hill 1987, 1989). Early research results indicated that 
increased tree density caused progressive grass deterioration, because grass productivity was 
extremely low under most tree densities but recovered markedly when trees were removed 
(Du Toit 1968, 1972b, Teague 1973). As a result, the encroachment by Acacia karroo trees in 
grassveld areas has widely been seen as undesirable.  
This has been found to be true for other Acacia species and various encroaching bush species 
such as species of Eucalyptus, Prosopis, and Juniperus (Engle et al. 1987, Harrington and 
Johns 1990, Martin and Morton 1993, Mordelet and Menaut 1995, Smit 1999, Zavaletu and 
Kettley 2006). 
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Some studies have shown that soil properties can influence bush encroachment (Ward 2005, 
Wakeling et al. 2009). Other studies show that trees can influence soil conditions (Belsky et 
al. 1993, Grouzis and Akpot 1997, Abule et al. 2005, Hagos and Smit 2005, Zavaletu and 
Kettley 2006, Noumi et al. 2011, Mills et al. 2012). However, this research was done on 
various Acacia tree species but not on Acacia karroo. Environmental factors, such as soil 
properties and rainfall may affect the severity of tree impact on grass production and quality. 
Better water holding capacity and higher rainfall figures may reduce the tree impacts on grass 
production. 
The above mentioned research is limited to certain areas and therefore not applicable to all 
rainfall regimes. The limitations of the available research are emphasized by contradictive 
results at different areas. 
For example: At a different site it was suggested that the tree density did not affect the grass 
production (De Ridder 2005). These preliminary studies suggested that significant variation 
in the impact of tree density on grass production is likely. In fact, in some cases, Acacia 
karroo trees can increase grass, with production gains of up to 500 kilograms per hectare 
(Stuart-Hill 1987, 1989, Stuart-Hill and Tainton 1988, Hobson and De Ridder 1993, De 
Ridder 2003, 2005). Research undertaken at this site (Euphorbia and Campagna in the 
Eastern Cape, South Africa, 25 km from the town of Stutterheim) during 2002, showed that 
the presence of Acacia karroo trees at a moderate (2000 tree equivalents per hectare) to low 
(300 tree equivalents per hectare) tree density improved grass production (Stuart-Hill et al. 
1987, Hobson and De Ridder 1993, De Ridder, 2003 – tree equivalents is a unit measure of a 
tree canopy volume). Palatable grasses contributed higher percentages of the biomass 
produced under canopies compared to the grass community in open areas where grasses were 
mostly unpalatable. Animals moved to areas with the more palatable grasses, resulting in 
more grazing pressure under and among the trees. Eventually the animals even avoided the 
more open areas. This heavy grazing by animals creates an illusion of decreased grass 
production under and among trees. Either way, the perception of farmers that thorn trees are 
always detrimental to grass production could therefore not be justified at either site. 
Although the herbaceous component of Thornveld constitutes the production base, there are 
many possible advantages of trees (Teague and Smit 1992). Woody perennials provide more 
efficient utilization of space for growing room and for incoming solar radiation; and greater 
utilization of mineral and organic nutrients and water from the soil through their extensive 
root systems (Watt 1968). Secondary production of various animals can be increased if 
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sweet-thorn trees occur in grazing veld. As a result, sweet-thorn trees should not only be 
considered a competitive component, but they may even hold some value for the farmer. 
Thorn trees may be a source of feed in farming enterprises that include game and goats and 
may allow for the inclusion of several browsing animals into Thornveld (Kelly 1977). 
The need exists for new research to integrate various environmental factors into a research 
project such as rainfall and soil properties, to better explain the response of grass quality and 
grass yield as a result of tree density. As environmental conditions differ, so the impact of 
trees on grass production can be expected to differ from area to area. 
1.3 Purpose of the study 
According to Teague (1989) there are three veld types where Acacia karroo is commonly 
found, namely False Thornveld of the Eastern Cape; Invaded Grassveld; and Eastern Cape 
Thornveld (Acocks 1975). In all three of these veld types, soils are shallow with low water 
storage capacity as a consequence the major factor limiting primary productivity is the 
moisture regime. These areas are also classified as sensitive to overgrazing (Teague 1989). It 
is reported that many arid areas were relatively treeless during pre-colonial times but were 
encroached irreversibly by trees after continuous grazing by cattle (Scholes and Archer 
1997). Areas where encroachment is commonly found are therefore sensitive with regards to 
available moisture and production sustainability. Even small changes in grass biomass at low 
livestock stocking rates may tip the balance to favour trees (Jeltsch et al. 1997).  
Acacia karroo was chosen as a species, because it is one of the few common species growing 
across most of southern Africa. It is rated to be very important as one of the declared 
indicators of bush encroachment under regulation 16 of the South African Conservation of 
Agricultural Resources Act of 1983. 
Sweet-thorn encroachment is an escalating problem for farmers in the Eastern Cape and in 
other parts of South Africa (Smit 1999). Grass species composition may change over time as 
tree density increases. A change in the composition can influence a natural pasture because 
different grass species have different levels of palatability and will influence the grazing 
behaviour of animals. Palatability also affects the grazing pressure on each grass species 
(species selection) and on the vegetation (area selection). Seen in this context, the bush 
encroachment may influence the grass species composition that, in turn, directly influences 
the quality and agricultural value of the pasture.  
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Subsequently the over-utilization of the natural grass cover lowers its ability to compete with 
tree seedlings, increasing the possibility of bush encroachment. It is stated that extensive 
grazing pressure with increased livestock numbers and poor veld management will encourage 
the spread of trees (Acocks 1975, Smit 1999). Poor veld management can select against 
palatable species, which, in turn, will also reduce grass competition.  
Other factors such as disturbances due to ploughing may also result in bush encroachment 
after cultivation of lands has been discontinued. It is common to find old lands invaded by 
small and medium-sized thorn trees. When removing trees, farmers often do not consider that 
their removal will create space that may be filled by a flush of seedlings. Lack of a resting 
phase for natural veld also creates problems. Grassveld that is utilized on a continual basis 
grows at a slower rate than periodically rested veld and under such conditions, grasses may 
not be able to compete with tree seedlings. It is proposed that bush encroachment can be 
avoided if fire intensity is high (Higgins et al. 2000). When veld is not rested, burning for 
bush eradication purposes results in low success, as these fires have a lower intensity and do 
not provide enough heat for successful control. Bush encroachment seems to be an inevitable 
outcome under these current agriculture management conditions. 
To date, there has been no assessment of the influences of encroachment of any of the Acacia 
species that cover the extent of the Eastern Cape. Information is lacking to offer guidance to 
farmers on bush encroachment across the province under different rainfall regimes. 
A better understanding of bush encroachment and its influences on agriculture will determine 
and assist future bush encroachment management. The purpose of this study was not to 
determine the reasons for bush encroachment but more specifically to better understand its 
influences. 
1.4 Original contribution 
Research on bush encroachment has been studied worldwide, and although results differ in 
many cases there are also similarities. 
Even though there is various contradictory research information for the causes and influences 
of bush encroachment, to date there has been no assessment of the impacts of bush 
encroachment on grass yield, grass quality and grass species composition across the extent of 
rainfall regimes in the Eastern Cape. More specifically it is not known how Acacia karroo 
encroachment may impact agriculture production in the future. Without economically 
feasible management and guidelines for possible control measures, interventions could have 
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disastrous effects. Because the Acacia karroo encroachment problem is complicated and 
driven by different farm practices as well as differing environmental conditions, it is 
important to understand the problem, before ecological and economically sound action can be 
taken. Research in this field is therefore of significant agricultural importance not just to the 
farming community of the commercial and communal sectors, but will also benefit our 
understanding of natural vegetation dynamics. In particular, this research will provide 
information of site-specific (based on rainfall and tree density) bush encroachment impacts, 
to be used in predictive modelling for grass yield, grass quality and a pasture value 
determination, under different rainfall regimes and various tree densities. It is expected that 
the results from this study will give insights into the following research questions: 
 How does tree density influence species composition under different rainfall regimes? 
 How does tree density influence grass production under different rainfall regimes? 
 How does tree density influence grass quality under different rainfall regimes? 
 How does tree density influence soil quality under different rainfall regimes? 
The findings of this study are then applied to extrapolate the findings across the different 
rainfall and bush density levels to provide advice on how to maximise grass production and 
quality for various areas based on annual rainfall and Acacia karroo tree density. 
1.5 Significance for farmers 
Five study sites were chosen based on their long-term rainfall. This study was aimed at 
assisting agriculture managers in the decision making process by providing practical, usable 
site specific research results, and to answer the questions raised by the discrepancies found in 
the research reviewed and preliminary surveys. 
The models prepared for the different rainfall regimes will provide predictive information 
with regard to grass production and grass quality at different scales of tree densities. This will 
provide practically applicable information to be used in an advisory capacity to inform the 
agriculture sector with regard to the influences of bush encroachment within the different 
rainfall regimes. 
 The information can be used to determine the influences of bush encroachment on 
pasture value at different rainfall levels. 
 The information will provide insight into the possible future influences of increased 
bush encroachment on pasture value. 
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 The models can be used as a tool to enable and prepare the agriculture sector to be 
pro-active in planning for proposed future changes in climate (rainfall) and bush 
encroachment. 
Farmers can avoid veld deterioration, unnecessary future expenses and farm production 
losses by applying proactive management measures before bush encroachment impacts 
become serious. 
1.6 Hypotheses 
In consideration of the current available literature and farmer experiences concerning the 
effects caused by bush encroachment, it is expected that the impacts of this encroachment on 
grass production and quality will be influenced by rainfall and tree density. This study 
considered the following hypotheses: 
That rainfall amount determines the influence of Acacia karroo tree density on grass 
production. 
That rainfall amount determines the influence of Acacia karroo tree density on grass quality. 
That an increase in tree density will reduce grass production. 
That the increase in tree density will improve grass quality. 
That the increase in tree density will transform grass species composition. 
That the increase in tree density will alter soil properties. 
2. Literature Review 
Because various factors affect the severity of the impact that Acacia karroo trees have on 
grass production, the literature is reviewed in broad categories:  
 Bush encroachment and subsequent impact on agriculture 
 Seed production and seedling establishment 
 The competitive influence of the grass layer on woody plant recruitment and growth 
 The value of leguminous trees such as Acacia karroo  
 The effect of moisture on the competitive interaction between trees and grass  
 The effect of tree density on neighbouring woody plants 
 The effect of trees on grass production  
 The effect of trees on the surrounding soils  
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 The effect of differing environmental conditions on the severity of tree density 
impacts 
2.1 Bush encroachment and subsequent impact on agriculture 
The phenomenon of bush encroachment has been a concern for a long time (Du Toit 1968, 
Scott 1970, Du Toit 1972b, Teague 1973, Acocks 1975, Aucamp et al. 1983) as it has a 
negative impact on agriculture (Uugulu and Masawi 2012). Encroachment is a worldwide 
problem, influencing various ecosystems globally. 
Bush encroachment is reported to reduce plant cover, diversity (Ratajczak et al. 2012) and 
density (Peterson et al. 2009). Research showed that grass yields decline (Du Toit 1968, 
1972a, Engle et al. 1987, Trollope et al. 1989, Harrington and Johns 1990, Martin and 
Morton 1993, Mordelet and Menaut 1995, Angassa 2005, Zavaletu and Kettley 2006, Stam et 
al. 2008), reducing forage availability and threatening the sustainability of vegetation such as 
grasslands (Bork and Burkinshaw 2009). Reduced production levels can result in over-
stocking impacts if animal numbers are not adjusted (Stam et al. 2008, Angassa et al. 2012). 
This can further cause deterioration of already poor vegetation condition. These losses in 
grass yield and plant diversity have a negative influence on the sustainability of agriculture 
and ecosystems. Overgrazed areas may subsequently be invaded by non-palatable species 
affecting sustainability and reducing plant diversity (Louhaichi et al. 2012). 
It is alleged that rangeland management systems (communal or commercial farming) does not 
affect encroachment but that encroachment is dependent on a specific site condition 
(Kgosikoma et al. 2012). The old statement that bush encroachment is a symptom of veld 
deterioration and not the cause thereof (Du Toit 1968), may therefore be true. 
Bush encroachment will also impact the environment causing soil erosion and making soils 
unstable, this relationship between bush encroachment and soils is complex (Mzezewa and 
Gotosa 2009). Even though bush encroached areas showed litter accumulation under tree 
canopies, higher moisture infiltration and less erosion (Pierson et al. 2010), a negative effect 
at the same site showed increased erosion within the inter-canopy areas of trees. This may 
result in reduced grass cover as a result of competition for moisture by the trees. 
Moisture availability is a major factor influencing most plants. The two-layer hypotheses of 
Walter (1971) postulates that trees and grasses can coexist in equilibrium because of their 
respective root distribution and resultant water use from different soil levels. Ward et al. 
(2013) stated that the two-layer hypotheses were intended for dry savannas. This therefore 
10 
 
may not apply completely to this study because the study area included vegetation types in 
higher rainfall regimes. If trees and grasses compete for water resources in different soil 
strata, it could be stated that the two-layer hypotheses may undervalue the effect of rainfall in 
the low rainfall areas when considering the impact of bush encroachment on grass yield. This 
view is questionable when considering that encroachment reduces grass cover, diversity 
(Ratajczak et al. 2012) and density (Peterson et al. 2009). Rainfall has shown to influence 
plant establishment affecting seed production, seedling recruitment and seedling survival 
(Joubert et al. 2013). Moisture stress during dry periods will increase plant competition. 
However, as O’Connor (1995b) reported, drought effects on plants can be aggravated through 
poor grazing strategies. The applicability of the two-layer hypotheses to Eastern Cape 
conditions is further questioned because of the effects of external factors such as grazing and 
fire, especially in the higher rainfall areas (Sankaran et al. 2005). It is therefore safe to say 
that rainfall alone should not be the only consideration when comparisons are made with 
regards to plant competition. These competitive interactions amongst plants may even vary 
on a landscape level (arid compared to wetter areas). For example in arid rangelands the 
positive benefits created by nurse plants are lost during times of moisture stress, when plant 
competition increases (Jankju 2013).  
When considering the declining economic influences of bush encroachment on agriculture, it 
is safe to say that losses are experienced on a national level (Uugulu and Masawi 2012). 
Poorer countries struggling to compete in the global markets often depend on tourism as a 
source of income and even in these areas it is believed that encroachment has caused a 
decline in visitor numbers in conserved areas (Gray and Bond 2013). 
In South Africa, Acacia karroo is a significant encroaching species specifically in the Eastern 
Cape region. Acacia karroo is a leguminous tree that can create beneficial growth conditions 
(Clarkson et al. 1987) for the establishment of other plants, and as a result may facilitate 
further encroachment (Smit 1999). This encroachment can systematically change from a 
predominantly Acacia karroo dominated structure to a complete evergreen bush specie 
vegetation structure (Smith and Walker 1983). 
Viewpoints on the impacts caused by Acacia karroo encroachment vary. In some cases the 
impacts showed beneficial reactions, and in others the opposite is found. Benefits of 
leguminous tree encroachment can be summarized to be an increase in production (Stuart-
Hill 1987, 1989, Staurt-Hill and Tainton 1988, Hobson and De Ridder 1993, Belskey et al. 
1993, Grouzis and Akpot 1997, De Ridder 2003, 2005, Cerquiera et al. 2004), increase to 
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plant quality (Sengul 2003), soil quality improvement (Bernhard-Reversat 1982, Belsky et al. 
1993, Grouzis and Akpot 1997, Moleele and Perkins 1998, Hagos and Smit 2005, Abule et al. 
2005, Zavaletu and Kettley 2006, Noumi et al. 2011, Mills et al. 2012, El-Keblawy and 
Abdelfatah 2014), distributing soil moisture (Caldwell and Richards 1989, Dawson 1993) and 
the tree as a valued feed source (Makoboki et al. 2005, Anon 2006, Treydte et al. 2010, 
Mapiye et al. 2010, 2011). Although the above literature refers to the beneficial influences of 
Acacia karroo trees, there are also those who have found the opposite. 
In contrast to the benefits of increases in the abundance of Acacia karroo trees, studies also 
show negative impacts because of encroachment. Specifically reduced grass yields (Martin 
and Morton 1993, Mordelet and Menaut 1995, Engle et al. 1987, Zavaletu and Kettley 2006, 
Smith et al. 2013). Trees have the ability to strongly compete in plant communities 
(Harrington and Johns 1990, Joubert et al. 2013) and can impact seedling survival of others. 
Acacia karroo trees produce large numbers of seeds (De Ridder et al. 1993) for sustainable 
seed bank development (O’ Connor et al. 2010). It is said that Acacia seeds can remain viable 
for many years (over 50, Smit 1999). Their hard seeds will be viable to germinate after 
extended periods during favourable climate conditions (exposure to sufficient light and 
moisture). The potential for successful recruitment depend on seed availability. On 
abandoned cultivated lands, the availability of seed significantly impacted plant community 
recovery (Scott and Morgan 2012). Seeds lay dormant waiting, ready to germinate after soil 
disturbance (Knoop 1982) if sufficient moisture is available (O’Connor 1995a). 
The perceived economic losses to agriculture caused by bush encroachment must be 
addressed to ensure sustainability. Many countries depend on agriculture to sustain their 
economies. Literature referred to above showed how encroachment can negatively influence 
both agriculture and tourism, subsequently causing losses to economies. However, all control 
measures come at a cost. The effectiveness of the control measures used is therefore 
important to consider, as well as the benefits and extent of the benefits expected thereafter. 
Encroachment control can be achieved through the use of various options such as burning, 
grazing/browsing, mechanical, herbicides and hand removal. All these methods will vary in 
effectiveness and costs to apply will also be different. It has been shown that selective 
herbicide treatments of weed invaded areas restore grassland communities and improve 
rangelands (Ortega and Pearson 2011). Grass cover increased by >30 % after encroached 
areas was treated with herbicides. The benefits of bush control are not only limited to 
increased grass yield but, can also benefit animals in various other ways. Control methods 
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such as cutting, de-barking and dissecting of tree stumps, in bush encroached areas of 
southern Ethiopia, reduced tick populations and created better pasture grazing areas with 
more palatable grass species (Negesa et al. 2014). If this is sustainably maintained rangelands 
can stabilize and the negative effects of bush encroachment to pastures minimized. A main 
concern of bush control is cost. Bush encroachment control is not always economically 
viable, more effective control measures should be used, and the spread of bush encroachment 
to high productive agriculture areas should be prevented (Wise et al. 2012). 
Methods should be cost effective and economically viable. It is proposed that the control of 
encroachment early on during the initial stages would be more cost effective to deal with 
(Hunt et al. 2010). During these early stages of encroachment fewer plants need to be 
removed. 
The control of bush should not only be restricted to the use of herbicides or mechanical 
methods. Bush is also a feed source that could be used to support browing animals whilst 
control measures are applied. Browsing animals can facilitate control methods against bush 
encroachment (Nyamukanza and Scogings 2008). Goats and game may be introduced to 
control bush encroachment. Some wild animals (e.g. porcupine) can also serve as a natural 
control measure for bush, specifically thorn trees (Plate 1).  
Porcupines dig out small thorn trees after chewing through them below ground level. These 
trees do not coppice after this. However, many farmers no longer have these specific wild 
animals remaining on their farms after habitat destruction or they have been deliberately 
eradicated (pers. obs.). 
Domestic stock can also control bush encroachment as it was reported that livestock removed 
large numbers of fodder tree seedlings along ephemeral rivers in Namibia and negatively 
impacted juvenile plants (Moser-Norgaard and Denich 2011). This can include goats and 
cattle species, even sheep, specifically when during the seedling phase of trees. Results show 
that sheep has been successfully used to control and graze unwanted plant species (Thrift et 
al. 2008). These options are unfortunately limited to areas suited for farming with these 
animals. Farmers must also be willing to farm with either game, goats or sheep. In many 
cases farmers are not willing because of various problems. Goats and game require specific 
fencing to manage at high initial cost. Small stock farming for instance sheep farming has 
declined in many areas because of stock theft. 
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Plate 1. An Acacia karroo tree that has been dug out and gnawed by a porcupine. 
 
Farmers need to use accurate veld management guidelines and be skilled to carefully manage 
grazing to ensure favourable result. Otherwise unwanted outcomes may be result. Poor 
management applied such as overgrazing, can disturb stable plant community systems 
resulting in grass plant communities to convert to pure shrub land (Vega and Montana 2011). 
Fire is probably one of the cheaper options for bush control, but also one of the more 
dangerous ones. The use of fire to control bush encroachment should be carefully considered 
as there can be negative and positive outcomes. To control bush encroachment and maintain 
low-density open structure vegetation, fires need to contain specific qualities, for example 
frequently enough and with sufficient and fuel loads. It has been reported that without fires 
(Matula et al. 2014), large tree mortalities reduced (bush encroachment continuation), 
opposing to this is that less re-sprouting was measured (bush encroachment sustained). Fires 
therefor killed more large trees but at a cost of increased re-sprouting. This change in plant 
structure might not always be suitable, and may even complicate future management 
practices. In the Patagonian grasslands (Argentina and Chile) it is reported that fire frequency 
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increased shrub recruitment (De Torres et al. 2012). Soil condition improvement has also 
been reported under fire treatments (Angassa et al. 2012). Fire can be used in combination 
with browsing practices to control bush encroachment. The use of fire in combination with 
browsing, need to be carefully planned especially in dry areas, to build up enough fuel to 
successfully impact encroachment ( Bock et al. 2007, Teague et al. 2010, Ansley et al. 2010). 
If not appropriately managed, grazing can reduce the effectiveness fires have on the control 
bush encroachment (Bock et al. 2007). Even though some farmers do except the advantages 
of fire to control bush encroachment (Ayana and Gufu 2008), because of various 
complications concerning veld burning, not all farmers are eager to use this practice (Kreuter 
et al. 2008). 
Climate change can have a devastating impact on agriculture and is on the forefront of many 
arguments and discussions (Illius et al. 1998). Although issues of climate change and its 
effect on agriculture vary, alterations in the temperature and moisture regimes of an area are 
expected to alter the balance between plant growth forms growing there (Tubiello et al. 
2007). Climate change and changes in atmospheric conditions are proposed to benefit bush 
encroachment (Tubiello et al. 2007, Wigley et al. 2010, Kgope et al. 2010). A transition from 
grassland (C4 plants) to woodlands (C3 plants) is expected (Polley 1997, Walther et al. 2002). 
The increase in atmospheric concentrations of CO2 (Tubiello et al. 2007, Bond and Midgley 
2000) is also expected to affect the community composition with a switch from dominance of 
C4 grasses to dominance of C3 plants such as Acacia trees (Bond et al. 2003, Tubiello et al. 
2007). Changing climate conditions, specifically that of increased atmospheric carbon 
dioxide (CO2) (Tubiello et al. 2007, Barger et al. 2009, Wigley et al. 2010, Kgope et al. 2010, 
Welz 2013), will cause bush encroachment to more rapidly spread, endangering the 
sustainability of grassland (C4 plants) that may be transformed to woodland (C3 plants) 
(Polley 1997, Walther et al. 2002).In this context increasing atmospheric CO2 concentrations 
has been an additional influence, increasing bush encroachment (Polley 1997, Bond and 
Midgley 2000, Bond et al. 2003). Climate change is expected to affect both planted and 
natural pastures. Initial changes to the environment of planted pastures, specifically on 
already developed commercial farms, may be countered through crop irrigation, crop type 
adjustments or other management options. Natural veld pastures, however, will be dependent 
on natural precipitation and as a result may be affected by climate change sooner and to a 
greater extent. Changes in the climate will affect reliability and amount of rainfall (Gordon et 
al. 1992, Meadows and Hoffman 2003). During dry seasons competition between plants for 
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moisture can be high (Du Toit 1968) and it is predicted that an increase in rainfall will alter 
the balance in favour of bush encroachment (Tews and Jeltsch 2004). These changes will be 
an additional burden on agriculture, if the expected acceleration of bush encroachment 
becomes a reality. 
In contrast to this predicted climate change may increase rainfall and temperatures in some 
areas and this may benefit grasses. Some results show an increase of C4 grasses when rainfall 
and temperatures increase, this emphasize the impact rainfall can have on C4 and C3 plant 
structures (Yao et al. 2011). More specifically in dry areas, rainfall has shown to have a 
bigger influence on vegetation change than grazing pressure (Cheng et al. 2011). The effects 
of climate change are complex and variable within different areas and rainfall regimes. The 
response of dry compared to humid areas will not be the same (Heubes et al. 2013). It is 
shown that species richness is more greatly impacted by climate change than that of land use 
(Heubes et al. 2013). Changing climate conditions may even reduce encroachment in some 
areas; results show negatively impacts on the recruitment of some Acacia tree species (Nano 
et al. 2012). 
Climate change will influence agriculture planning in areas where normal expected rainfall 
becomes unreliable. The suspected changing climate conditions are believed to affect rainfall 
reliability (Gordon et al. 1992, Meadows and Hoffman 2003). Wet climate cycles will 
enhance bush encroachment (Tews and Jeltsch 2004, Barger et al. 2009), whereas droughts 
and dry cycles may slow down expected bush encroachment (Gonzalez et al. 2012). The 
adaptability of bush to changing climate conditions will be required to ensure their survival 
and retention of their competitiveness with other species (Miranda et al. 2011). Some plants 
such as Prosopis glandulosa trees has adapted root development to be more competitive 
under drought conditions, giving these plants a competitive advantage compared to grasses 
within the plant communities (Ansley et al. 2014). If rainfall proves to be the driving force 
behind bush encroachment (Ward 2005), rainfall may also determine the severity of climate 
change influences have on plant cover (Mashiri et al. 2008). 
As much as plants may have to adapt to changing climate conditions to ensure their survival, 
so also farmers and the agriculture sector may have to adapt to ensure sustainability of the 
enterprise. It is believed that bush encroachment forms a natural part of tree establishment 
and death cycles (Wiegand et al. 2005). In many ecosystems, most of the time there is some 
form of encroachment of woody plants, and an acceptable management approach might be to 
try to contain bush encroachment to acceptable and manageable levels (Wiegand et al. 2006). 
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It is not in the power of farmers to stop climate change. Teague stated that although farmers 
have no control over the climate, they can control livestock numbers, grazing pressure and 
animal movement (Teague 1987). Grazing and browsing management should aim to:  
 maintain or create a favourable species composition;  
 maintain optimal quality and quantity of forage available; and  
 maintain the highest annual productivity within these constraints (Teague 1987).  
It is imperative that farmers and the agriculture sector consider and adapt their management 
strategies to ensure sustainable growth in these sectors. Adaptive management is one way to 
try and stay economically viable during changing agricultural conditions, for example 
escalating input costs and uncontrolled climate variation. Vegetation change in rangeland 
environments are driven by complex interactions (Morris et al. 2013). Emphasizing the need 
for optimal management plans, required to ensure sustainability and obtain maximum 
economic profit (Guan et al. 2013). If complex systems, such as the variability of 
encroachment impact were to be successfully managed, it must be assumed that one answer 
may not be suited for various sites and during different years (Boyd and Svejcar 2009). To 
stay ahead of changing conditions successful adaptive management requires constant 
monitoring of vegetation change, management, impacts, results and the continuous upgrading 
of a system (Laca 2009). Adaptive management is not a once of exercise but a continuous 
process of adaptive management to ensure and maintain sustainability (Bailey and Brown 
2011). Teague and Smit (1992) emphasized the importance of modelling as decision support 
for farmers, research and extension services. The development of models to determine the 
influences that bush encroachment may have on agriculture will support farmer’s decisions 
with regards to pro-active management planning ahead of expected changing climate 
conditions. 
2.2 Seed production and seedling establishment 
Seed production, specific seed traits (e.g. hard seed), germination rate, seedling establishment 
success rate, and seedling growth rate will impact a tree’s ability to compete amongst other 
plants; more specifically grasses (Knoop 1982, Stuart-Hill and Tainton 1988, De Ridder et al. 
1993, Archer 1995, Midgley et al. 2005, O’Connor et al. 2010). Acacia trees have the ability 
to produce large amounts of seeds. Acacia tortilis (Forssk.) Hayne trees can produce up to 
50 000 seeds per tree (Smit 1999). Acacia karroo trees by the same token can also produce 
large numbers of seeds, and up to 34 000 viable seeds (at tree densities of 1 000 tree 
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equivalents per hectare – see 3.3 for the explanation of tree equivalents) were recorded, 
giving them substantial competitive ability, if only a fifth of the seed establish successfully, 
this represents a large number of seedlings produced (De Ridder et al. 1993). Even though 
only 70% of Acacia karroo seeds were viable after seed damage by bruchid beetles, 
alarmingly high seed production levels resulted in up to 1.65 million viable seeds produced 
per hectare in areas of high tree density (20 699 TE/ha, De Ridder et al. 1993). O’Connor 
(1995a) found that 79% of Acacia karroo seeds failed to produce emergent seedlings. 
Although the seed losses from production to emergence of seedling stage is high, it is 
common to see a flush of seedlings germinate after bush clearing, even if Acacia karroo was 
not part of the tree composition at the time. This is practical evidence of Acacia karroo seed 
persistence in the soil. The reason being that Acacia karroo trees produce seeds that are hard 
and can withstand harsh climate conditions for long periods of time. Seed banks have been 
shown to develop in the shade of dense bush clumps (O’Connor et al. 2010). Seeds of other 
Acacia species (Acacia tortilis and Acacia nilotica) have been known to persist in soils for 
periods of up to five years (Smit 1999). When the trees are removed, the seeds germinate en 
masse as soil surface temperatures increase and plant competition is reduced, provided 
sufficient rain falls (Wiegand et al. 2005). These traits are beneficial for Acacia species and 
ensure the plants survival and competitiveness in the presence of other plants. Plant 
competition from other woody species and grasses is an important determinant for the 
successful establishment of Acacia seedlings (Smit 1999). 
Higher post-dispersal predation levels have been recorded for Acacia karroo (21.8%) 
compared to that of Acacia nilotica (12.7%). These high predation rates only marginally 
impact Acacia karroo fecundity and in juvenile stages, Acacia karroo seedlings still 
outnumber those of Acacia nilotica if found together (Midgley et al. 2005). 
Establishment of Acacia karroo seedlings appears to be unaffected by shading or an 
established cover of grass, but moisture availability influences establishment and promotes 
successful seedling establishment (O’Connor 1995a). Large numbers of Acacia seeds 
germinated and the seedlings survived in plots after the removal of aboveground vegetation, 
while no seedlings were found in control plots (Knoop 1982). Similarly Acacia karroo has 
been observed to be among the first to germinate after bush clearing (Plate 2). It is an 
important competitor as far as seed production and seedling establishment is concerned. 
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2.3 The competitive influence of the grass layer on woody plant 
recruitment and growth 
An established grass sward will compete with newly emerging woody seedlings for light, soil 
nutrients and moisture. Acacia karroo seedling recruitment is influenced by competition of 
other plants (O’Connor 1995b). At sites with a sufficiently dense herbaceous layer, the 
distribution of soil moisture was reduced and the growth of mature woody plants and 
establishment of tree seedlings was significantly less (Knoop 1985). 
Prolonged overgrazing can reduce grass competition, benefitting Acacia seedling recruitment 
(Jeltsch et al. 1996, Smit 1999), resulting in increased tree production and stronger 
competition with the overgrazed grasses (Stuart-Hill and Tainton 1988). By contrast, an 
increase in browsing pressure and the restriction of grazing can be beneficial to grasses, 
although it is reported that heavy grazing of the herbaceous grass layer can trigger the 
germination of dormant seeds through increased light and moisture availability (Smit 1999). 
These seedlings may be able to survive in a dense grass layer for at least a year but can still 
perish if these areas become too dry (O’Connor 1995b). Adequate soil moisture is a 
prerequisite for woody seedlings to compete with an established grass cover. 
Grasses such as Hyparrhenia hirta (L.) Stapf strongly compete with Acacia etbaica 
Schweinf. seedlings (Fetene 2003) while Hyparrhenia hirta negatively impacted root 
development of the tree seedlings and inhibited their growth rate. Grass competition, 
reducing Acacia root development can cause poorer nodule development, in turn reducing the 
ability to fix atmospheric nitrogen. 
Acacia seedlings have the ability to form root nodules giving them the ability to fix 
atmospheric nitrogen and assisting them when competing with grasses during their juvenile 
phase. Decreased nitrogen content of Acacia seedlings grown with grasses indicates that N2 
fixation was impacted by grass competition (Cramer et al. 2007). Where Acacia trees were 
present, the removal of the herbaceous layer increased the nitrogen levels in the topsoil 
(Knoop 1985). Increased nitrogen levels in topsoil after grass removal give reason to believe 
that grasses withdraw nitrogen from this layer of the soil. The availability of this nitrogen rich 
source for grasses will increase competition with woody seedlings that may give grasses a 
competitive edge during the early stages of bush encroachment. 
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Plate 2.  Acacia karroo sapling establishing in a cleared area. 
 
2.4 The effect of moisture on the competitive interaction between trees 
and grass  
Although it has been reported that large quantities of viable seed may exist in the soil (De 
Ridder et al. 1993), the successful establishment of Acacia karroo seedlings is strongly 
influenced by moisture availability (Smit 1999) and competitive interaction with grasses. Just 
like any other plant, Acacia karroo trees also need specific climate conditions to thrive. All 
plants compete in some form or another for nutrients, sunlight and water and Acacia karroo 
trees also have to compete with other species for these resources (Fetene 2003). The 
efficiency with which the trees can utilize resources will contribute to their competitiveness 
in the presence of other plants – in this case the grass cover, in particular. In the Eastern 
Karoo, high summer rainfall conditions resulted in increased grass cover that may 
outcompete shrubs for resources (Low and Rebelo 1996). Highest root density for herbaceous 
plants was found near the soil surface, emphasizing the competitive effect for moisture of a 
well-established grass layer (Knoop 1985). Under low rainfall, shrub recruitment occurs 
20 
 
mainly in open spaces with poor grass cover, emphasizing the competitive influence of an 
established grass layer (Hoffman et al. 1990). 
Reports that the amount of rainfall may be the driving force influencing bush encroachment 
(Ward 2005) emphasize its importance on plant competitive behaviour as mediated by 
moisture availability. Stuart-Hill (1987) raised the issue of how different seasonal rainfall 
patterns would influence grazing and browsing practices used at the time and if these were 
compatible with different veld conditions. Similar questions still remain unanswered – for 
example how bush encroachment will influence grass production and quality in the different 
rainfall regimes. 
In some cases tree density has been found to increase with increased precipitation (Jeltsch et 
al. 1996). If rainfall alone is considered, it seems possible that moist areas may have higher 
successful woody plant establishment while dry conditions may have lower success rates. 
This is not true for all vegetation types and in some higher rainfall regions such as the Döhne 
Sourveld (Acocks 1975) the plant community consists mainly of a dense grass cover of a low 
palatability, fewer trees are present and here grasses generally successfully outcompete 
seedlings and saplings of tree species. These vegetation types may therefore be less 
susceptible to bush encroachment. In this context it can be fair to say that rainfall alone 
should not be the only consideration to explain bush encroachment. 
Bush encroachment is a natural occurrence in some of the more arid savanna areas. Rainfall 
is often the driver of cyclical successions, which can episodically lead to mass shrub 
recruitment. This, as reported by Meyer et al. (2009), is believed to be a patch dynamic 
system that can explain tree-grass coexistence and the natural occurrence of shrub 
encroachment in arid and semi-arid savannas. This may be caused by high moisture levels 
which will limit the impact of herbaceous layers on woody plants. 
It has also been reported that grasses and woody vegetation compete for moisture at different 
soil depths (Walter 1971). This two-layer approach may be true when grass and tree roots are 
found at different soil depths but during the seedling establishment stages, seedling roots still 
occupy the same soil strata as grasses and established grasses will certainly have competitive 
advantage over seedlings. This is likely to be more so during times of moisture limitations. 
By contrast, shrubs compete with grasses for moisture and nutrients throughout their lives as 
their roots may occupy the same portion of the soil profile. Water is taken from the top soil 
layer by both grasses and shrubs in humid savannas (Le Roux et al. 1995). In these areas, it is 
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generally accepted that the grass layer may outcompete the shrubs, thereby restricting growth 
and/or abundance of woody species (Le Roux et al. 1995). 
In contrast to dry periods, results show that in wet seasons, when moisture is not limited, the 
herbaceous layer has little effect on the woody plant growth (Knoop 1985). Similar results 
were found under irrigation (the simulation of wet seasons), where at high grass biomass 
levels no effect on Acacia karroo seedling growth was found (Scogings 2008). Even in drier 
areas, moisture may not be a stress factor during periods of above-average rainfall. In dry 
savannas during above-average rainfall years, irrigation also had no effect on above ground 
biomass (Khanyisile and Ward 2010). During above-average rainfall years and in areas of 
consistently high rainfall, the influence of rainfall has less effect on competition between 
trees and grasses. In these conditions when water is not restricted, competition for different 
plant growth requirements such as nutrient availability may be a greater constraint than water. 
2.5 The effect of tree density on neighbouring woody plants 
As described above, rainfall has been shown to have an influence in determining the outcome 
of tree and grass competition. Similarly rainfall may also play a role affecting the competitive 
influences amongst different tree species. Patches of trees in open savanna experience inter-
species competition (Wiegand et al. 2005). Competition between trees for limiting resources 
such as water and nutrients can have negative impacts on their survival rate. This can be 
demonstrated when the distance from dead trees to neighbouring trees is found to be smaller 
than the distance to the nearest neighbour from living trees (Moustakas et al. 2008). If trees 
die, the gaps formed may allow other trees to increase in size or young trees to establish 
(Smith and Goodman 1986). Such findings were reported when plant competition for 
resources affected canopy cover extent and pattern in both Burkea africana Hook. and 
Terminalia sericea Burch. ex DC. (Smith and Grant 1986).  
Inter tree competition may not only influence tree survival rates but also tree growth. After 
removal of nearest neighbours, trees showed significant increases in growth in southern 
Africa (Smith and Goodman 1986). Within an Acacia woodland in Australia, tree density was 
shown to negatively affect grass production reducing growth so that yield per tree was 
smallest in the highest density areas (Beale 1973). In the same study the size of trees was 
found to depend on the volume of soil available for their use, and is therefore a function of 
the distance to neighbouring trees. Competition for both below- and above-ground resources 
therefore influences the spatial patterns of woodlands (Martens et al. 1997). 
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Even although trees compete with each other, some trees (more specifically leguminous trees 
such as Acacia karroo) may have an advantage over others when competing for nitrogen. 
Acacia karroo trees fix atmospheric nitrogen as do many other Fabaceae. The nitrogen is then 
stored in the plant (Van Wyk and Van Wyk 1997). When the trees drop their leaves during 
the winter season (Acacia karroo is deciduous), this nitrogen-rich material (including 
flowers, dead shoots, and seed pods) becomes part of the soil litter where, over time, the soil 
is enriched and provides benefit to other plants growing in the vicinity (Smit 1999). This may 
be the reason why it is often observed that evergreen tree species such as Scutia myrtina 
establishes under Acacia trees (Plate 3) and eventually changes the plant community by 
replacing the Acacia trees (Smith and Walker 1983). The invasion of areas by certain tree or 
shrub species such as Acacia karroo could therefore advance further encroachment of other 
tree species. Similar to this for example, Baccharis encroachment promoted the establishment 
of oak trees in California grassland (Zavaletu and Kettley 2006). It follows that changes 
under woody plants may not be caused by the conditions of the site but rather because the 
woody plant creates conditions that benefit understorey plants in a form of nurse plant 
condition. 
2.6 The effect of trees on grass production  
The increase in tree density of Acacia karroo might impact the herbaceous layer beneath 
through, for example, better grass production and quality (De Ridder 2003, 2005). It appears 
that in the False Thornveld of the Eastern Cape (Acocks 1975), around 300 TE/ha forms a 
threshold below which Acacia karroo trees result in an increase grass production (Aucamp et 
al. 1983, Stuart-Hill 1987). Furthermore, it appears that the competitive ability of Acacia 
karroo trees is increased by grazing that reduces grass yield (Stuart-Hill 1989). This gives 
trees a competitive advantage as a result of reduced grass cover. 
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Plate 3. A dead Acacia karroo tree with successful establishment of evergreen species 
(Scutia myrtina) below it. 
 
Woody plants may have several positive influences on grasses. Trees may form microhabitats 
preferred by some perennial grass species (Smit 1999). Grouzis and Akpot (1997) state that 
the increase of herbaceous production under trees could be because of an adaptive response 
with regards to improved stomatal conductance, absence of afternoon stomatal closure and 
elevated leaf water potential by some species, and that trees can increase the long-term 
production potential. Leguminous trees can positively contribute towards soil nitrogen 
concentrations and increased shade creating suitable growth conditions for sustainable 
production of specifically Panicum maximum Jacq. (Smit 1999). It is possible that these high 
soil nitrogen levels and increased shade conditions may also be suitable for other grass 
species that prefer such conditions. Belsky et al. (1993) reported that species composition 
below tree canopies differed from that in open grasslands indicating that the habitat under 
trees provides a niche for additional species. In savanna of northern Senegal (the Sahelian 
zone) increasing nitrogen supply under trees reduces the water requirements for plants 
because of increased water use efficiency (Bernhard-Reversat 1982). Deep-rooted trees 
absorb water at deeper soil depths, leaving the moisture in the upper soil to be available to the 
24 
 
grass roots (Caldwell and Richards 1989, Dawson 1993). These conditions may also be 
influenced by specific grazing conditions. At lightly grazed trial sites it was found that the 
cover of Panicum maximum was strongly related to tree density (Abule et al. 2005). 
However, under heavy grazing, the grazing had an overriding effect cancelling the positive 
impact of trees on grass cover. Under these conditions the composition consisted mainly of 
annual species. 
Isolated Acacia tortilis and Adansonia digitata L. trees increase grass productivity more in 
drier than in wetter habitats (Belsky et al. 1993). In contrast to this, in relatively dry sites 
there was no effect on understory forage production after the removal of Quercus douglasii 
Hook. and Arn. (blue oak) trees (Bartolome et al. 1994), although this is not in a savanna 
ecosystem. 
It seems possible that these positive tree impacts described here are species specific. In 
Eucalyptus tree stands, little growth response was measured in the herbaceous layer in wet 
spells due to woody plant utilization of the soil moisture (Harrington and Johns 1990). After 
the clearing (small trees with trunk diameter of < 30 cm were pushed over by bulldozers and 
large trees were ring-barked) of Eucalyptus trees, an increase in the herbaceous production 
was reported to be due to reduced competition for water and nutrients (Harrington and Johns 
1990). In southern Arizona, where mesquite (Prosopis velutina Wooton) was removed, the 
density of perennial grasses increased. Higher grass densities found in these mesquite-free 
areas had the added advantage of reducing rainfall runoff (Martin and Morton 1993). 
Rainfall is not the only factor affecting competition. In very high rainfall areas (a mean of 
1 200 mm per year) of the humid savanna of Côte d’Ivoire a reduction in grass cover and 
production was recorded under tree canopies compared to that in open areas (Mordelet and 
Menaut 1995). Eastern red cedar (Juniperus virginiana L.) trees in North America 
significantly reduced biomass and cover of the herbaceous layers (Engle et al. 1987). This 
type of decline in herbaceous production was measured under Baccharis encroachment, 
despite an increase of nitrogen and soil moisture content in the ecosystem (Zavaletu and 
Kettley 2006). 
A more complete approach should be taken when researching bush encroachment influences. 
Various other environmental factors are proposed to influence grass productivity in areas 
with bush encroachment. According to Jackson et al. (1990), light is the main environmental 
factor limiting herbaceous productivity beneath oak trees. If the influences of rainfall were to 
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be used as one of the limiting factors, care should be taken to compare areas in different 
rainfall regimes at the same time. It is also important not to generalize as the influences of 
certain tree species may not be comparable to that of other species. The positive influences 
of, for example some of the leguminous species on grasses may be different to those of non-
leguminous trees. 
The proposed beneficial influences of Acacia karroo in contributing towards soil nitrogen 
and resulting in increased shade (Stuart-Hill 1987) may be the reasons for a 25% grass yield 
increase reported for areas directly under low densities of Acacia karroo tree canopies 
compared to open areas with no trees. In fact, if low density trees are removed, grass 
production may decline (Stuart-Hill and Tainton 1988, Stuart-Hill 1989). An increase in grass 
production was measured at low Acacia karroo tree densities compared to areas without trees 
(Hobson and De Ridder 1993). The increase of grass production when introducing certain 
leguminous plants is common even in planted pastures (Clarkson et al. 1987). Acacia karroo, 
being a legume, could prove to have a similar effect on surrounding grass yields. If pastures 
have Acacia trees it has been found to increase production and grass crude protein levels 
(Clarkson et al. 1987, Sengul 2003, Cerqueira et al. 2004). The introduction of nitrogen-
fixing Medicago spp. into pastures increased grass yields by between 25 and 100 percent 
(Clarkson et al. 1987), equivalent to the yield expectation from a pasture fertilized with 50 kg 
nitrogen per hectare. Crude protein levels were higher in the legume-supplemented pastures 
and it is likely that the grasses benefitted from the nitrogen fixed by the legumes (Sengul 
2003). In the absence of information on measurable effects of trees on grass production, it is 
not possible to assist the agriculture sector to make appropriate management decisions 
pertaining to considering whether or not to apply bush control methods. 
Bush encroachment may also influence animal behaviour with resultant influences on grass 
cover. Moderate tree densities and single standing trees were found to be beneficial to 
domestic and wild herbivores (Treydte et al. 2010) with animals grazing more under trees and 
surrounding tree canopies than in open areas (De Ridder 2003). It is possible that the 
presence of trees encourages animals to exert higher grazing pressure on certain areas, 
leading to their overgrazing (area selection). A study done in the Argentine Calden Forest 
Range showed that more grass (short winter grasses) occurred under dense stands of 
deciduous-leguminous trees (Prosopus caldenia Burkart) than under low density of the same 
species (Cerqueira et al. 2004). These grasses were also found to have higher crude protein 
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content and had higher percentage of leaf biomass. This may lead to animals selecting these 
areas because of the greater amount of forage and better quality of grass. 
The areas not grazed may become moribund causing animals to avoid them, further 
pressurizing the shorter grazed areas under trees. It has been shown that moribund grasses 
negatively impact grazing plant quality (Elizalda et al. 1992, Iji et al. 1996, Valk et al. 2000, 
Waramit et al. 2012). Samples taken in the later stages of plant maturity show reduced crude 
protein content. Continuous grazing treatments resulted in an improved grass quality over 
that of a rotational grazing system with an increase of 10% in crude protein concentration and 
a 10% reduction in crude fibre content (Pavlu and Velich 1998). Regular cutting was also 
shown to significantly increase crude protein in Digitaria decumbens Stent (Pachanavan 
1997). It is likely that trees may therefore eventually transform the area under their canopies 
to be similar to that of areas regularly cut: i.e. grasses with higher crude protein levels that 
encourage animals to continuously select them for grazing. 
2.7 The feed value of leguminous trees such as Acacia karroo 
Encroaching tree species may have a beneficial effect that counters the negative influences of 
bush encroachment on agriculture. In some cases trees may be the only form of browsing 
material available for use by animals. This further compounds the decision of farmers as to 
whether trees should be reduced or tolerated. 
Acacia karroo trees can also hold some value as a feed source and contribute towards animal 
diets. Goats successfully utilize the smaller Acacia karroo tree sprouts and when done on a 
continuous basis can contribute to controlling of the encroachment problem (Nyamukanza 
and Scogings 2008). Browsing with goats alone, however will only control expansion of the 
Acacia karroo tree populations but will not reduce tree cover. Goats alone are successful in 
controlling further encroachment of trees but will not reduce tree numbers. To significantly 
reduce and remove tree cover, a combination of goat browsing and fire is required (Hester et 
al. 2005). It should be noted that when making use of a combined fire and browsing treatment 
to manage bush encroachment, enough fuel to successfully fuel a hot fire is required (Bock et 
al. 2007, Teague et al. 2010, Ansley et al. 2010). 
Acacia karroo as a feed source has shown to improve animal performance with regards to 
increased weight gain, improved meat crude protein content and increased milk production 
(Anon 2006, Urbano et al. 2006, Mapiye et al. 2010, Mapiye et al. 2011). Provision of 
legume trees to goats as part of their diet gave positive mass gain results (Anon. 2006). 
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Animals fed with Acacia karroo had significantly higher gain in weight compared to animals 
fed only on grass. Crude protein concentrations of various Acacia species could be above 100 
g/kg dry matter. These levels in an animal diet are sufficient for maintenance of goats, sheep 
and cattle at low to medium production levels (Makoboki et al. 2005). Meat with higher 
protein content was found in Nguni steers supplemented with Acacia karroo leaf meal 
(Mapiye et al. 2010). This is a low cost form of crude protein (delivering between 100 and 
160 g crude protein per kg dry matter), that, when fed to beef cattle, provided a beneficial 
improvement of meat quality and animal performance and reduced worm burdens (Mapiye et 
al. 2011). Many leguminous plants have the ability to fix their own nitrogen, subsequently 
increasing their crude protein content, as a result higher crude protein contents are generally 
measured in leguminous plants compared to grasses (Tudsri and Somprasitti 1997). In dairy 
cattle, milk production increased with the introduction of legume trees into grass pastures 
(Urbano et al. 2006). 
The influence of Acacia karroo trees on grasses may influence animal grazing behaviour. A 
reduction in nitrogen fertilization did not affect voluntary grass intake during spring in the 
Netherlands, but reduced intake during late summer at lower nitrogen fertilization levels 
(Valk et al. 2000). Similarly the leguminous tree contributions to soil nitrogen may also 
influence animal intake and may be the reason for the higher grazing pressure recorded under 
Acacia karroo trees than away from them. If trees impact animal grazing behaviour, because 
of an increase in the quality of the grazing material, trees may further benefit animal 
production. 
2.8 The effect of trees on the surrounding soils  
Soil properties influence seed germination, seedling establishment, survival and tree growth. 
All plants, including trees and grasses, need soil to grow. Soil provides the substrate for the 
plant to anchor in and grow roots (www.dnr.state.md.us/forests/education/needs.html). 
Furthermore, minerals in the soil are also essential for plant growth, and nutrients, in the form 
of ions, are taken up from the soil by plants (www.spectrumanalytic.com/ 
support/library/ff/CEC_BpH_and percent_sat.html). Macro elements are those essential 
elements (nitrogen, phosphorus, potassium, calcium, magnesium, and sulphur) needed by 
plants in large quantities to ensure successful and sustainable growth 
(www.aces.uiuc.edu/vista/html_pubs/hudro/require.html). Smaller quantities of the micro 
elements iron, manganese, boron, zinc, copper, molybdenum, and chlorine 
(www.aces.uiuc.edu/vista/html_pubs/hudro/require.html) are needed. In fact some micro 
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elements can have toxic effects if they exceed low levels of e.g. 0.01 ppm 
(www.highnutrients.com/limiting-factors.html). Soil pH is another quality that impacts plant 
growth (www.highnutrients.com/limiting-factors.html). Soil pH levels of between 5.8 and 6.8 
are suitable to ensure successful plant growth for most pasture plants 
(www.highnutrients.com/limiting-factors.html). 
It is postulated that poor soil quality in combination with fire are the main reasons for much 
of the savanna biome in South Africa being treeless (Wakeling et al. 2009). Because of poor 
soils in these areas, seedlings grow slowly, taking a long time to reach the minimum height at 
which they will not be killed by veld fires. In contrast to this it could be assumed therefore 
that good quality soils may advance bush encroachment. 
Benefits of bush encroachment and some advantages to soil improvement have been reported. 
Established Acacia karroo trees may increase the nitrogen levels in soils, which may then in 
turn increase grass production and quality. Acacia trees, being legumes, have a positive effect 
on the nitrogen content of the surrounding soil (Smit 1999, Abule et al. 2005, Hagos and Smit 
2005, Noumi et al. 2011) as they enrich the soil through the production of large quantities of 
litter (Smit 1999), creating a micro-climate under the trees that enhances plant production.  
In some cases trees not only increase soil nutrients but also change microclimates under trees 
that may cause increased grass production. Acacia tortilis improved both the microclimate 
and soil nutrient content, resulting in increased herbaceous production in the shade compare 
to open areas (Grouzis and Akpot 1997, Moleele and Perkins 1998). Belsky et al. (1993) 
confirmed that the highest nutrient concentrations were found under trees, that shade affected 
plant nutrient uptake, and that the grass composition below tree canopies differed from that in 
open grasslands. 
With the encroachment of Baccharis pilularis DC. trees in the California grasslands in the 
USA, total soil nitrogen increased rapidly (Zavaletu and Kettley 2006), possibly due to the 
use of these trees by animals for cover and forage. Causes of such soil nutrient accumulation 
under trees are similar to nutrient accumulation found around water holes. In south-eastern 
Botswana, where cattle grazing pressure reduced palatable woody species, this increased the 
establishment and growth of non-palatable encroaching species (Moleele and Perkins 1998). 
Hagos and Smit (2005) found a positive increase in soil nitrogen and calcium levels under 
Acacia mellifera (M. Vahl) Benth. subsp. detinens Burch. canopies compared to open areas. 
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Acacia tortilis (Forssk.) Hayne subsp. raddiana Savi trees in wheat and barley pastures 
proved to have a soil enriching effect in arid ecosystems in the south of Tunisia (Noumi et al. 
2011). Even though organic, nitrogen, and phosphorus concentrations were significantly 
higher under the trees, this did not significantly increase grain yield. Grass production could 
therefore be influenced by a combination of negative and positive effects of tree density 
cover. Callaway and Walker (1997) suggested that overall the impact of trees on the 
vegetation beneath them is dependent on a balance between both negative and positive 
effects. 
In Ethiopia (Middle Awash Valley) measuring the influence of Acacia tortilis and Balanites 
aegyptica Del. on soils showed higher organic carbon, pH, and nitrogen levels under trees 
(Abule et al. 2005). This could be caused by mechanisms such as accumulation of leaf litter, 
stem flow and deposition of animal droppings. 
Increases in soil nitrogen levels will have positive effects on grass quality. In predominantly 
grass pastures nitrogen increased crude protein yield (Koukoulakis and Tziolas 1981, 
Pachanavan 1997, Valk et al. 2000, Waramit et al. 2012). In the USA it was measured that 
crude protein increased significantly for all the warm season grass species measured under 
nitrogen fertilization (Waramit et al. 2012). 
It is further suggested that aerosol capture of calcium and zinc by tree crowns is responsible 
for the enrichment of these elements in soils under trees on the edges of savanna areas in 
South Africa, soils adjacent to tree trunks were significantly enriched with Ca, Zn and Sr 
compared to soils away from the trees (Mills et al. 2012). 
2.9 The effect of differing environmental conditions on the severity of 
tree density impacts 
Plants depend on suitable temperature, light, water, oxygen, and mineral nutrients for 
successful and sustainable growth. The combinations of conditions will generally be different 
from area to area and the complexity of all the factors driving bush encroachment should be 
considered in combination (Ward 2005). 
The complexity of the various factors influencing the impacts of bush encroachment on grass 
production is possibly the reason for questions asked by Aucamp et al. in 1983, which have 
not been fully answered till today (Aucamp et al. 1983). At the time concerns were raised in 
the agriculture community on how seasonal rainfall and bush density will influence grass 
production, and how this may influence grazing capacity.  
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Contradicting data has been reported on the causes (Smith and Walker 1983, Stuart-Hill and 
Tainton 1988, Smit 1999, Wiegand et al. 2005, O’Connor et al. 2010) and impacts of bush 
encroachment on grass production: positive (Bernhard-Reversat 1982, Stuart-Hill 1987, 1989, 
Caldwell and Richards 1989, Harrington and Johns 1990, Hobson and De Ridder 1993, 
Belsky et al. 1993, Dawson 1993, Bartolome et al. 1994, Grouzis and Akpot 1997, Smit 
1999, De Ridder 2003, 2005) and negative (Beale 1973, Aucamp et al. 1983, Smith and 
Goodman 1986, Engle et al. 1987, Stuart-Hill 1987, 1989, Stuart-Hill and Tainton 1988, 
Martin and Morton 1993, Mordelet and Menaut 1995, Martens et al. 1997, Zavaletu and 
Kettley 2006, Moustakas et al. 2008). Each of these studies was done at different sites, and 
the difference in results could have been caused by differences in site conditions and site 
history. 
Rainfall is one of the possible factors contributing to the various dissimilarities in the 
outcomes. This is true if the research outcomes of Hobson and De Ridder (1993) are 
compared to those from earlier work done by, for example, Stuart-Hill (1987) – both studies 
on the influence of Acacia karroo on grass production and yielding opposite results. One 
substantial difference between the two studies is rainfall. The study site for work done by 
Stuart-Hill (1987) was in a medium-low rainfall area (400-600 mm per year) and the work 
done by Hobson and De Ridder (1993) was in a medium-high rainfall area (600-800 mm per 
year). Although Acacia karroo tree densities surveyed were substantially higher in the 
medium-high rainfall area, their influence on grass production was found to be lower than 
that for the results from the drier area. 
The tendency to predict the impact on plant growth caused by changes in affecting variables 
has become prominent practice amongst various scientists (Gordon et al. 1992, Jeltsch et al. 
1996, Jeltsch et al. 1997, Brown et al. 2000, Kriticos et al. 2003, Jürgen and Nuppenau 2004, 
Tews and Jeltsch 2004). Although this practice is required on which to base decisions, the 
value of these predictions is determined by the practical effectiveness of the results. The 
recommendations from models will basically only be as applicable to a specific area, if the 
appropriate data was used to determine such recommended information. As an example, the 
threshold for tree densities that cause a reduction in grass production reported by Stuart-Hill 
(1987) in the medium-low rainfall area may not be applicable to a higher or lower rainfall 
area. The use of predictions made from generalisations applied in areas with a wide range of 
conditions may cause the use of inappropriate management decisions.  
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3. Materials and Methods 
This chapter contains the considerations used for site choice, a site description, descriptions 
of sampling, surveys and data collection, data tests applied, and data analysis methods used. 
3.1 Study sites 
Surveys were done in different rainfall regions with the understanding that they will also have 
a range of environmental conditions. The objectives at all the trial sites were to determine the 
impact of Acacia karroo encroachment on grass production, grass quality and soil conditions. 
To date, all available information on the impacts of Acacia karroo on grass production in the 
Eastern Cape region, South Africa, is limited to research done in only one area (Adelaide: 
Aucamp et al. 1983, Stuart-Hill 1987, 1989, Stuart-Hill and Tainton 1988). 
This trial was set up to cover five sites varying in rainfall and other environmental factors. 
The criteria used to select the five sites were firstly long-term rainfall, and secondly the 
availability of undisturbed areas with Acacia karroo trees. The selected sites ranged from dry 
(low rainfall) to wet (high rainfall) (Figure 1 and 2). Limited weather station availability in 
the area meant that rainfall data used to select sites was obtained from various sources, 
including farmers, research stations, the Agriculture Research Council, and the South African 
weather service. After consideration of the collected long-term rainfall figures the following 
five sites were chosen for the trial: Cradock with a long-term average of 359 mm per annum; 
Adelaide, with 478 mm; Cathcart, at 555 mm annual average rainfall; Kubusi Drift close to 
Stutterheim at 600 mm rainfall; and Kei Mouth, with an 800 mm long-term average rainfall. 
Rainfall (Figure 1) differed between the sites, with the lowest long-term average at Cradock 
and the highest at Kei Mouth. The rainfall at the Adelaide and Cathcart sites was similar.  
The five sites also differed with regards to land type (Figure 3), veld type (Figure 4), 
vegetation type (Figure 5) and maximum tree density. 
Descriptions for each study site are as follows: 
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Figure 1. Long-term annual rainfall (South African weather service records) for the five 
survey sites. 
 
3.1.1 Cradock 
The Cradock trial site is situated on the Cradock experimental farm (Department of Rural 
Development and Agrarian Reform), close to the town at 32°13’49”S 25°40’28”E. Long-term 
rainfall figures for the site range from 200 mm to 400 mm annual rain (Figure 2; GIS unit, 
Department of Agriculture, Eastern Cape). The land type (Figure 3) is that of non-arable, low 
to moderate potential grazing land (Aa29). 
The veld type is classified as False Karroid Broken Veld (G.I.S. Döhne) (Figure 4), Eastern 
Mixed Nama Karoo (Low and Rebelo 1996) or Eastern Upper Karoo (Figure 5; NKu4 of 
Mucina and Rutherford 2006). 
Acocks (1975) divided Karroid Broken Veld into three sub-types namely: the Great Karoo, 
Little Karoo, and Grassy Mountain Shrub Veld. The Cradock site more closely resembles that 
of the Little Karoo, sharing similar long-term rainfall of 300 to 600 mm per annum for this 
veld type. The vegetation of the Cradock site matches the description of Acocks (1975) for 
Little Karoo in that he mentions the dense stands of Acacia karroo in the lower lying areas 
and along rivers. The area has a variety of grass and Karoo bush species, including Lycium 
spp. and Euphorbia spp. proposed to be an important part of the Little Karoo plant diversity. 
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Figure 2. Long-term annual rainfall with the locality of each of the survey sites (G.I.S. Döhne). 
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Figure 3. Land types with the locality of each of the survey sites (G.I.S. Döhne). 
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Figure 4. Acocks veld types in the areas surrounding the study sites (G.I.S. Döhne). 
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Figure 5. The VegMap vegetation types (Mucina and Rutherford 2006) in the areas surrounding the study sites (G.I.S. Döhne). 
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This vegetation type is described by Low and Rebelo (1996) to be Eastern Mixed Nama 
Karoo that is a mixture of Karoo shrubs and grass species. The dominant species contribution 
is determined by rainfall and stocking rates. Overgrazed and drier areas have more Karoo 
shrubs in contrast to the wetter areas, where grasses are more dominant. Rainfall for this 
vegetation type is listed as between 300 and 500 mm per annum, and is therefore considered 
to be the wettest Karoo vegetation type. Acacia karroo is considered a common element 
along the dry river beds. 
Mucina and Rutherford (2006), in VegMap 2008, describe this area to be part of the Eastern 
Upper Karoo. The vegetation type has rainfall that ranges between 180 mm to 430 mm per 
year. Frost does occur at lower altitudes, and does occur at the Cradock site. The area is 
generally flat, with the plains sloping into hills and more rocky areas. A variety of grasses 
and Karoo shrubs dominate this vegetation type, including Lycium spp. and Euphorbia spp. 
The study site (Plate 4) incorporated several points that closely match each of the three veld 
type/vegetation type descriptions above. The long-term rainfall for the study site (Figure 2) is 
low, but falls within the range listed by Acocks (1975) and Low and Rebelo (1996), but better 
resembles that for the Eastern Upper Karoo of between 180 and 430 mm per year given by 
Mucina and Rutherford (2006). The trial site was situated on a flat, low-lying area where 
Acacia karroo is an abundant part of the vegetation. While the area did not resemble a dry 
river bed, its surrounds resembled that of the gently sloping plains with hills and rocky areas 
as suggested by Mucina and Rutherford (2006). 
The Acacia karroo tree density at the site was measured at 4 928 tree equivalents per hectare 
(TE/ha). Although the Cradock site had large trees (some up to 5 m tall), small trees were 
abundant at the site.  
The vegetation beneath the trees was a mixture of grass (48% cover), Karoo bushes (43% 
cover), and forbs (9% cover). Most of the grass species were increaser grasses (72% cover) 
with 22% cover being decreaser species. Decreaser grasses are known for their abundance in 
good veld, and increaser grasses are more common in poorer, over or under-utilized 
vegetation (Van Oudshoorn 1992). 
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Plate 4. The Cradock study site. 
 
Even though decreaser grasses are dominant in good veld they are still impacted by grazing 
practices (Van Oudtshoorn, 1992). Both over and under grazing practices will reduce these 
climax grasses. Increaser grasses can be subdivided into three groups (increaser I, increaser II 
and increaser III): The increaser I group are grasses abundant in underutilized areas. These 
species are climax grasses, unpalatable and tough. The increaser II group are common in 
overgrazed areas. This grazing condition is opposite to the conditions (underutilized) that 
favour increaser I species. Increaser II grasses increase when areas are disturbed. This group 
contains mainly pioneer and subclimax grass species. The third increaser group (increaser 
III), are also common in overgrazed areas. The grass species are mostly climax grasses and 
unpalatable. These grasses can outcompete palatable species specifically under overgrazed 
conditions. At the Cradock survey site Helichrysum dregeanum Sond. and Harv. (32% cover) 
was the most common species, with Sporobolus ioclados (Nees ex Trin.) Nees (18% cover), 
and Cynodon dactylon (L.) Pers. (18% cover) as well as Eberlanzia ferox (L.Bolus) L.Bolus 
(7% cover) and Eragrostis lehmanniana Nees (3% cover) being important. 
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3.1.2 Adelaide 
The Adelaide trial site (Plate 5) was situated on the Groenekloof farm (of Mr. S. Malan), 
close to the town at 32°50’23”S 26°22’36”E. Long-term rainfall figures for the site range 
from 400 mm to 600 mm annual rain (Figure 2; GIS unit, Department of Agriculture, Eastern 
Cape). The land type (Figure 3) is that of non-arable, low to moderate potential grazing land 
(Aa29). 
The veld type (Figure 4) is classed as False Thornveld of Eastern Cape (G.I.S. Döhne), while 
the vegetation type is listed as Subarid Thorn Bushveld (Low and Rebelo 1996) or Bedford 
Dry Grassland (Figure 5; Gs 18 of Mucina and Rutherford 2006). 
The veld type is described as valley bushveld along the mountain sides with grassveld on the 
plains and flats. Acacia karroo trees occur along the margins between the valley bushveld 
and grassveld (Acocks 1975). These thorn clumps are believed to invade grassveld, 
increasing the chances of erosion and bush encroachment. The invasion of Themeda-
dominated grassland is caused by grazing pressure specifically under conditions of selective 
grazing (Acocks 1975). This allows the dormant Acacia karroo seeds in the soil to germinate 
and establish when conditions are favourable. The invasion of the grassveld by thorn trees 
further changes the habitat with Scutia myrtina (Burm.f.) Kurz and palatable Panicum spp. 
establishing under the trees, paving the way for further selective grazing pressure and 
eventually veld degradation and erosion. Rainfall in the area ranges between 400-650 mm per 
year. 
Low and Rebelo (1996) describe the Subarid Thorn Bushveld as a vegetation type found in 
the low-lying valley areas of river basins in the Eastern Cape. Rainfall for the vegetation type 
is between 500 to 600 mm per year. This is a summer rainfall area, commonly invaded by 
Acacia karroo. Themeda triandra Forssk., Cymbopogon plurinoides (Stapf) Burtt Davy, 
Eragrostis curvula (Schrad.) Nees, Sporobolus fimbriatus (Trin.) Nees, Digitaria eriantha, 
and Eustachys paspaloides (Vahl) Lanza and Mattei, are some of the more common grass 
species to grow in the area. 
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Plate 5. The Adelaide study site. 
 
Adelaide falls within the Bedford Dry Grassland, Gs 18 as described by Mucina and 
Rutherford (2006). Acacia karroo is especifically common along drainage lines. The 
vegetation is generally short and can be described as open dry grassland. According to 
Mucina and Rutherford (2006) the rainfall commences in the spring and falls into late 
summer, ranging between 310 and 550 mm per year. Although dwarf karroid species grow in 
this area, the plant composition is dominated more by grasses such as Digitaria argyrograpta 
(Nees) Stapf, Tragus koelerioides Asch., Eragrostis curvula, and Cymbopogon caesius (Nees 
ex Hook. and Arn.) Stapf. 
The Adelaide site had one of the lowest tree densities measured at 2 406 TE/ha. Trees were 
generally not very large (around 2 m tall). 
The annual rainfall of 400 to 600 mm (GIS unit, Department of Agriculture, Eastern Cape), 
closely resembles the yearly rainfall described by Acocks (1975), Low and Rebelo (1996) 
and Mucina and Rutherford (2006). 
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The tree/bush areas were typical as described by Acocks (1975), and evergreen tree/shrub 
Scutia myrtina is common amongst established Acacia karroo trees. Many examples were 
present at the site where Scutia myrtina established in close proximity of Acacia karroo trees.  
The grass species composition at the site resembled that described by Low and Rebelo 
(1996). These grasses were Digitaria eriantha (28% cover), Cymbopogon plurinoidis (20% 
cover), Sporobolus fimbriatus (11%), and Eragrostis curvula (10% cover). Most of the 
species were increasers (52% cover) with 44% cover being decreasers. 
3.1.3 Cathcart 
The Cathcart trial site (Plate 6) was situated on the Hoorosh Craig farm (Mr. G Bristow), 
close to the town at 32°11’34”S 27°8’41”E. Long-term rainfall for this area ranges from 400 
mm to 600 mm per annum (Figure 2; GIS unit, Department of Agriculture, Eastern Cape). 
The land type (Figure 3) is that of non-arable, low to moderate potential grazing land (Aa29). 
The veld type of the area is classed as Dry Cymbopogon-Themeda Veld (Figure 4; G.I.S. 
Döhne). The vegetation type is listed as Valley Thicket (Low and Rebelo 1996) or Tsomo 
Grassland (Figure 5; Gs 15 of Mucina and Rutherford 2006). 
Acocks (1975), sub-divides the Dry Cymbopogon-Themeda Veld into four classes, each of 
them with little variation in rainfall, altitude, and species composition: listed as Northern, 
Central, Southern, and or South-eastern variations. The Southern and South-eastern variations 
best describe the study site as described by Acocks (1975). The rainfall for the Southern 
variation is listed as being between 450 and 500 mm per year (Acocks 1975), but could be 
less in some areas. Portions have been invaded by Karoo veld types, and the grass Tetrachne 
dregei Nees is present. The South-eastern variation is poorly described by Acocks (1975), but 
he does indicate that it lacks Tetrachne but includes Eustachys spp. The soil is more sandy 
and the veld “invaded” by Acacia karroo. 
Low and Rebelo (1996), describe this area as Valley Thicket in river valleys with sparse 
scattering of woody shrubs to dense thicket occurring. They list the rainfall to range between 
400 and 800 mm per year. The thicket could be invasive into savanna and grassland areas. 
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Plate 6. The Cathcart study site. 
 
The Tsomo Grassland (Figure 4) vegetation type (Mucina and Rutherford 2006), stretches 
from Queenstown to Cathcart and is described as the plains between the mountain peaks and 
ridges in these areas. The vegetation is grassland or open thornveld. Grasses in the genera of 
Cymbopogon, Elionurus, Eragrostis, Aristida, and Themeda are prominent and the area is 
commonly invaded by unpalatable shrubs in the Asteraceous genus Euryops. They list the 
rainfall for the area to be from 430 to 790 mm per year. Overgrazing is common and there is 
a tendency (gradient) for the vegetation to change from grassland to thornveld (Mucina and 
Rutherford 2006). 
The rainfall figures of the study site closely resemble the figures reported by Low and Rebelo 
(1996) and are similar to that of Adelaide (Figure 2). The site did, however, differ from the 
Adelaide site in having much higher average Acacia karroo tree densities (4 766 TE/ha). 
Acocks’ (1975) description of the South-eastern variation of Dry Cynmbopogon-Themeda 
Veld resembles the plants found at the site as dominated by Eustachys paspaloides and with 
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the “invasive” Acacia karroo trees. Cathcart average tree height was the tallest with an 
average height of 3.9 m, ranging from 0.6 m to 5.5 m, compared to trees at the other sites. 
In agreement with Mucina and Rutherford (2006), the site was a grassland and open 
thornveld. The six most common plant species in the grassy layer were Digitaria eriantha 
(30% cover), Sporobolus fimbriatus (9% cover), Aristida congesta Roem. and Schult. subsp. 
barbicollis (Trin. and Rupr.) De Winter (10% cover), Cymbopogon plurinoidis (6% cover), 
and Themeda triandra (6% cover). Rocky outcrops occur and there were signs of shallow 
soils, particularly in eroded areas. Most of the grasses were decreasers (50% cover) or 
increasers (48% cover), with only 2% cover of the grasses being variable. 
3.1.4 Kubusi Drift 
The Kubusi Drift trial site (Plate 7) was situated on the Zaka farm, close to the town 
Stutterheim, at 32°34’24”S 27°38’10”E. The site has a long-term rainfall of 600 mm to 800 
mm annually (Figure 2; GIS unit, Department of Agriculture, Eastern Cape). The land type 
(Figure 3) is that of non-arable, low to moderate potential grazing land (Aa29). 
The veld type is classed by Acocks 1975 as either Highland Sourveld or Döhne Sourveld 
(Figure 4; G.I.S. Döhne) with the vegetation type listed as Moist Upland Grassland (Low and 
Rebelo 1996) or Amathole Montane Grassland (Figure 5; Gd1 of Mucina and Rutherford 
2006). 
The area is described by Acocks (1975) as Highland Sourveld or Döhne Sourveld – two veld 
types that are similar but the Highland Sourveld is found at higher altitudes. The Döhne 
Sourveld description matches the Kubusi Drift site with the veld type listed as occurring at 
altitudes of 600 to 1350 m above sea-level. Döhne Sourveld is warmer and drier than the 
Highland Sourveld and has a rainfall of 650 to 1000 mm per year (Acocks 1975). The soils 
are not as deep, are more erodible but not as leached as that of Highland Sourveld. The 
Döhne Sourveld can be either forest with shrubs and climbers, or dense sour grassland. Poor 
veld management, selective, and overgrazing increases the abundance of poorer forage 
species such as species of the genera Elionurus, Eragrostis, Senecio, and Helichrysum. 
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Plate 7. The Kubusi Drift study site. 
 
As part of the Grassland Biome, Low and Rebelo (1996) have named this Moist Upland 
Grassland and lists it to be a sour grassland at altitudes of 600 to 1400 m above sea level. It 
experiences mostly summer rainfall of 650 to 1000 mm per year. They list forests to be 
common in valleys and kloofs. Generally, the soils are shallow, rocky and leached. The 
grassland is a dense mix of mainly sour grasses, with species of Themeda, Heteropogon, 
Tristachya, Eragrostis, and Elionurus some of the more common ones. Poor veld 
management encourages the increase of unpalatable grasses such as Elionurus muticus 
(Spreng.) Kuntze, and invasion of weeds. 
Amathole Montane Grassland (Figure 5) is found in the Eastern Cape and is the main 
grassland unit for the Amathola and Kologha mountains (Mucina and Rutherford, 2006). The 
area is characterized by moderately undulating landscapes, and low mountains. Grasses such 
as Themeda triandra, Elionurus muticus, Sporobolus africanus (Poir.) Robyns and Tournay, 
Eragrostis curvula, Eragrostis chloromelas Steud., Heteropogon contortus (L.) Roem. and 
Schult., Alloteropsis semialata (R.Br.) Hitchc., and Tristachya leucothrix Nees are the 
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dominant species in the grassland. Rain that falls mostly during spring and summer ranges 
between 500 to740 mm but can be as high as 1000 mm per annum. 
The vegetation of the study site matches the descriptions well of all the authors listed above. 
The Kubusi Drift area has sour grassland with thicket and forest species along the mountain 
ranges and in the steep valleys. The site had the highest tree density of all the study sites at 
6 680 TE/ha. The Kubusi Drift site also had the tallest trees (up to 5.9 m). 
The area has long-term rainfall of 600 to 800 mm annually (Figure 2; GIS unit, Department 
of Agriculture, Eastern Cape). 
The six most common grasses were Sporobolus africanus (18% cover), Themeda triandra 
(16% cover), Digitaria eriantha (15% cover), and Eragrostis plana Nees (10% cover), 
Hyparrhenia hirta (9% cover), and Eragrostis curvula (9% cover). The species were mainly 
increaser grasses (62% cover) with 34% cover decreasers and 3% cover of the grasses were 
classified as variable. 
3.1.5 Kei Mouth 
The Kei Mouth trial site (Plate 8) was situated on the Laughing Waters farm at 32°41’28”S 
28°15’6”E (Mr. Mark Jevon), close to the town of Kei Mouth. Long-term rainfall figures for 
the site range from 800 to 1000 mm annually (Figure 2; GIS unit, Department of Agriculture, 
Eastern Cape). The land type (Figure 3) is that of non-arable, low to moderate potential 
grazing land (Aa29). 
The veld type is classed (Acocks 1975) as Coastal Forest or Thornveld (Figure 4; G.I.S. 
Döhne) and the vegetation type is listed as Coastal Forest (Low and Rebelo 1996) or Bisho 
Thornveld (Figure 5; SVs7 of Mucina and Rutherford 2006). 
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Plate 8. The Kei Mouth study site. 
 
The Coastal Forest and Thornveld (Figure 4) is described (Acocks 1975) to be a veld type 
with five sub groupings: Coast Belt Forest, Zululand Palm Veld, Transitional Coastal Forest, 
Dune Forest, and Mangrove Forest. Coastal Forest and Thornveld was once naturally a forest 
area, but is now open thornveld with patches of forest remnants. Uniform grassveld is 
uncommon and usually contains some form of shrubbery and herbaceous species. Closer to 
the coast the forest is short, dense and tangled. Inland, the forest is less dense and taller. 
Summer rainfall ranges between 900 to 1500 mm per year. The study site falls within the 
thornveld component of the so-called typical Coast Belt Forest. In this veld type, the 
thornveld is a successional stage between the grassland and forest. The grasses within this 
veld type are mainly Themeda triandra, Digitaria spp., Hyparrhenia spp., Cymbopogon 
nardus (L.) Rendle, and Cymbopogon excavatus (Hochst.) Stapf ex Burtt Davy. 
The Coastal Forest in the summer rainfall region develops in areas where the rainfall is in 
excess of 700 mm per annum (Low and Rebelo 1996). The soils are sandy and deep. The 
forest can be up to 30 m tall and has distinct strata, which includes trees, shrubs, and herbs. 
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Panicum spp. are common, growing on the forest floor. Forest distribution is restricted by 
environmental factors such as wind and salt spray. 
Bhisho Thornveld (Figure 5, Mucina and Rutherford 2006) is characterized by sour grasses 
and the occurrence of Acacia trees (listed as A. natalitia E.Mey, but according to 
Germishuizen et al. 2006 this species is limited to KwaZulu-Natal). The veld is an open 
savanna and the grass layer is dominated by Themeda triandra. Overgrazing encourages the 
encroachment of woody species. A mainly summer rainfall area has an annual rainfall of 500 
to over 900 mm. 
The study site has rainfall figures between 800 and 1 000 mm per annum (Figure 2; GIS unit, 
Department of Agriculture, Eastern Cape), closely related to the rainfall figures for Coastal 
Forest and Thornveld as described by Acocks (1975). The Thornveld element of the typical 
Coastal Belt Forest (Acocks 1975), best describes the vegetation at the site, compared to the 
vegetation type descriptions of Low and Rebelo (1996) or Mucina and Rutherford (2006). 
Mucina and Rutherford (2006) describe the thorn trees of the area to be Acacia natalitia. The 
species at the study site were identified to be Acacia karroo, and not A. natalitia. This 
supports Germishuizen et al. (2006) who indicate that A. natalitia is limited to KwaZulu-
Natal (confirmed by the Threatened Species Programme website data, SANBI). 
The Kei Mouth trial site had the lowest thorn tree density of 2 302 TE/ha with the Acacia 
karroo trees ranging between 0.7 and 4.2 m in height. 
The grass species at the trial site were not dominated by Themeda triandra as proposed by 
Mucina and Rutherford (2006), but rather by Digitaria natalensis Stent (58% cover). The rest 
of the important species were Eustachys paspaloides (6% cover), Tristachya leucothrix (3% 
cover) and Hyparrhenia hirta (2% cover). Most of the grasses are decreasers (66% cover), 
with 32% cover increasers and 2% cover variable. 
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3.2 Experimental design 
Each study site contained three survey areas. The survey areas were chosen based on the 
range of Acacia karroo tree densities for each site. Survey areas had to contain dense tree 
stands and open areas to ensure that points with various densities could be sampled. Areas 
with no trees were not considered to be a control, but rather a benchmark to compare with 
areas of differing tree densities. 
The three areas differed in location and had minor slope (and aspect) differences. All 
measurements (such as determination of tree density, grass production, grass quality, and soil 
properties) were done in each of these survey areas at the five study sites. At each survey 
area, 13 sampling points were selected (Figure 6), resulting in a total of 39 sample points at 
each of the five study sites. Global Positioning System (GPS) coordinates were taken at each 
sample point to ensure that the points could be re-visited. The sample points were selected to 
fall within a range of tree densities. The tree densities chosen ranged from no trees within a 
100 m² area surrounding the sample point up to the highest tree density available at the study 
site. 
The tree densities (TE/ha) in areas surrounding each sample point were only measured after 
point selection. The experimental layout was that of a randomized block design. All the 
sample points were marked and enclosed with a 1.5 m high wire welded mesh fence attached 
to a metal frame fixed to the ground (Plate 9). The area enclosed for each sampling point was 
0.5 m x 0.5 m, giving a base of 0.25 m².  
To test the effects of shade on grass production and quality, a 2 m x 4 m metal frame was 
placed over the sampling point at a height of 1.5 m (Plate 10). The frame was covered with 
80% shade cloth. Three of the sample points at each of the study sites were shaded. No trees 
were present at the shade cloth covered quadrats. 
All the enclosed sample areas remained free from animal trampling and grazing, leaving the 
treatment factors of tree density, species composition, soil properties, rainfall and shading.  
Each sample point was given a unique identification code made up of the site number, sample 
area number, tree density class number, and class replication number (Figure 6). 
  
49 
 
Figure 6. The experimental layout for the Cathcart study site as an example. The first 
number in the code is the study site (1-5); the second the sample area (1-3); the 
third the tree density class (in number of trees within 100 m2 surrounding the 
point or S for shade); the last number is the replicate number (1-3). For example, 
sample point number 3332 is Site 3 (Cathcart); Sample area 3; Tree density 
class 3; and Replicate 2 of the tree density class. 
  
 
m m 
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Plate 9. Sample point comprising an area enclosed with wire welded mesh. 
Plate 10. Shaded sample point comprising a 2 m x 4 m 80% shade covering. 
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3.3 Field survey and data collection 
At the start of the trial the average Acacia karroo tree density was measured at the study sites. 
At each site, three 3 m x 100 m randomly placed belt transects were measured (Lindsey 
1955), one in each of the three sampling areas per site. In each belt transect, the tree height, 
height of lowest branches (lowest browsable material) and tree diameter of all the trees were 
measured and these measurements converted to canopy volume and tree equivalents per 
hectare for each of the five sampling areas. These measurements were not used in the 
comparison of the data collected at the sampling points, as they do not reflect the tree 
densities at each individual sampling point. They were used to give an indication of the 
average tree density at each site. 
More detailed measures of Acacia karroo tree density were taken at each of the 39 sample 
points as a reflection of the direct competition factor of Acacia karroo trees on the grasses at 
each sample point (Plate 11). These were used as a measure of competitive impact of tree 
density on grass production and quality, as well as soil properties. The distance from the 
sample point to the nearest tree in the four ordinal directions (north, east, south, or west side) 
were also measured. 
All trees were measured within a 10 m x 10 m (100 m²) plot surrounding each sampling 
point. The equations used to calculate tree equivalents were taken from Teague (1989) in 
order to compare with other research trials and measures used by farmers and extension 
officers:  
𝑟 =  (
𝐻𝑡 − 𝐻𝑙
2
+
𝐷
2
) 2⁄  
Where Ht  = tree height (m) 
 Hl = lowest browsable material height (m) 
 D  = tree diameter (m) 
 r  = mean tree radius (m) 
 
𝐶𝑉 =
4𝜋𝑟3
3
 
Where CV  = canopy volume (m3) 
 
TE = tree equivalents = CV/0.5 
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Plate 11. The tree density measurement survey. 
 
Tree equivalents (TE) can be defined to be a unit measure of a tree canopy volume (Teague 
1989) for an Acacia karroo tree of 1.5 m. For example, a small tree of height 1.4 m with 
lowest branches 0.5 m, a diameter of 1.3 m will be 1.39 tree equivalents. A larger tree with a 
height 3.1 m, lowest branches at 0.5 m, and a diameter of 4.0 m will calculate to 37.65 tree 
equivalents. Expressing tree equivalents per ha is a practical measure for use in agricultural 
planning. 
All grass species composition assessments were done using the step-point method (Mentis 
1981) – a technique similar to the wheel-point method. The step-point technique records the 
species of the plant nearest to points that are each a step apart. The technique is sensitive 
enough to determine vegetation composition (Danckwerts 1987). A total of 200 points were 
measured in each of the replicate sampling areas (three surveys per site). 
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At each of the different sampling points (39), a 100-point species composition survey was 
done within the 10 m by 10 m area surrounding each sample point to determine the species 
composition surrounding that point. 
Grass production was determined by cutting the grass plots within the enclosures that 
excluded animal activity. Grass samples were cut using hand-held sheep shears at a height of 
10 mm. All cut material was collected and placed into paper bags that were securely closed in 
the field during transport. At the lab, samples were oven dried at 65˚C for two days (no 
further mass loss) after which they were weighed and milled. After milling, all samples 
collected were saved for laboratory analysis. Total production over a year period, was taken 
to be the sum of the winter and three summer sample measurements at each point. Because 
grass grew actively in summer and not so during the winter period more sample cuts were 
possible during the summer period. 
Grass production surveys were taken over a two year period. All plots were clean-cut of grass 
at the outset. The four grass cutting dates are given in Table 1. The start of winter was taken 
to be from the first frost (usually early in June) and the end of the winter was taken to be in 
early September at the onset of the rainy season. During winter plants are generally dormant 
and very little growth occurred.  
The other three measurements were collected over a nine month period and can be defined as 
a period when plants grow more actively. The three cuts were timed to cover the spring, 
summer and autumn seasons. 
 The sampling dates at which the grass cover was cut to determine grass production. 
 
Production Year 
Production measurement dates 
Winter cut Summer cut 1 Summer cut 2 Summer cut 3 
Year 1 (2009-2010) 02/09/2009 09/12/2009 01/03/2010 01/06/2010 
Year 2 (2010-2011) 01/09/2010 10/11/2010 05/03/2011 05/06/2011 
 
Soil samples were taken at the end of the trial period to avoid soil disturbance (Plate 12). 
Samples were taken from the top 25 cm of soil using an auger. The reason for using the top 
25 cm soil was for practical comparison with general practises applied by farmers and 
extension officers when sampling soil. In practise most soil samples are taken in this manner 
to determine soil treatments and fertilization needs. The results would therefore be directly 
comparable to those taken by farmers and officials in practice. A second consideration was 
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that the grass roots are mainly situated in the top 25 cm and because one of the reasons for 
analysing soils was to determine the influence soil may have on grass production and grass 
protein.  
Samples were placed into marked plastic bags and securely closed with rubber bands to avoid 
moisture loss or cross contamination of the samples.  
 
 
Plate 12. Soil sampling with an auger at the end of the trial period. 
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3.4 Laboratory analyses 
Plant moisture determination was done by drying 5 g of sample at 105˚C to constant mass, 
whereafter the weight loss was taken to be the moisture content and expressed on a dry mass 
basis (Williams 1984). 
The dried and milled plant samples were analysed as follows: 
Plant element analysis for Ca, Mg, K, Na, Cu, Fe, Mn, and Zn was done using a wet digestion 
of 5 g of sample in 5 ml nitric acid (HNO3) and 3 ml of perchloric acid (HClO4) digested on 
an aluminium digestion block (Williams 1984). The elements in the digest were measured 
using an Analytikjena NovAA400 atomic absorption spectrometer. Macronutrient (Ca, Mg, 
K, and Na) samples were diluted 20 fold with distilled water and strontium nitrate [Sr(NO3)2] 
added to suppress ionization. Microelements (Cu, Mn, Fe, and Zn) were analysed undiluted. 
Total nitrogen (Krom 1980) and total phosphorus were analysed using 5 g of sample digested 
for 3 hours on an aluminium digestion block at 360oC after the addition of 10 ml sulphuric 
acid (H2SO4) in the presence of a selenium (Se) catalyst (Williams 1984). The nitrogen and 
phosphorus levels in the digest were determined colorimetrically using a SKALAR 
continuous flow analyser. Total phosphorus was determined by reaction with 
molybdovanadate reagent (Williams 1984). 
Crude fibre was analysed using 3 g of sample consecutively treated with 0.128 M H2SO4 and 
0.223 M KOH. The mass loss was calculated after drying and ashing at 600oC was taken to 
be the crude fibre content and expressed as a percentage of dry mass (Williams 1984).  
Individual soil samples were thoroughly mixed, after which sub-samples were taken to be 
used for the determination of water holding capacity. The remainder of the sample was used 
for soil property analysis as follows: 
The analysis of extractable Ca, Mg, K, and P was done using ammonium bicarbonate 
extraction (AMMBIC-2) methods (Van der Merwe et al. 1981). The concentration of the 
elements in the extracts was determined using Atomic Absorption Spectrometry, however, 
phosphorus was determined spectrophotometrically using an ammonium molybdate method 
(Van der Merwe et al. 1981). 
Standard methods were used for measuring soil pH (10 ml soil suspended in 25 ml of 
potassium chloride; Fertilizer Society of South Africa 1974). 
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The soil acidity was measured after extracting the soil into a 1 M KCl solution and titrated 
aganst 0.01 M potassium hydroxide (NaOH, Thomas, 1982). 
The organic carbon in the soil was analysed using the Walkley-Black method (Nelson and 
Sommers 1982, Walkley 1935). 
For water holding capacity, the soil samples were oven dried at 65oC for 24 hours and 
weighed. The soil was placed into a plastic container and inundated with water until the soil 
could not absorb any more moisture (Plate 13). The sample was weighed again and the mass 
gained taken to be the water holding capacity and expressed as a percentage of the dry mass. 
 
Plate 13. The determination of soil water holding capacity. 
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3.5 Data analysis 
The data were analysed using STATISTICA 7 (Stat Soft, Inc.).  
All tree density, yield, grass and soil quality data were tested for normality using a Shapiro-
Wilks test as this test is specifically used for small- to medium-sized data sets of up to 2000 
points.  
Because the data was found to be non-normal, the significance of data differences for tree 
density, rainfall, yield, and crude protein were compared using a Kruskal-Wallis test. 
To determine co-variation of either tree density or yearly rainfall and grass yield (did they 
increase or decrease in proportion), a Spearman’s rank correlation test (a non-parametric 
statistical comparison between two variables) was used. The data was tested as a combined 
set (including all sites and both years) and per year (this analysed all sites for each year 
separately). Thereafter the correlation test was also done for each site separately (combining 
both years or analysing the years separately).  
The limit of significance for all tests was taken to be 0.05 unless otherwise stated.  
A multiple linear regression was done to determine the combined relationship between the 
variables. Grass yield and crude protein were in turn used as dependent variable, regressing 
these against all explanatory (independent) variables of tree density, canopy direction north 
south, canopy direction east west, canopy cover, soil temperature, water holding capacity, 
soil density, soil P, K, Ca, Mg, Zn, soil acidity, and acid saturation.  
A hierarchical cluster analysis was done using the Ward's method (Ward 1963). The analysis 
can provide insight with regards to community variation amongst the sites. The Ward’s 
method was chosen in preference to the Average Linkage method as it produced more 
compact and better defined clusters (http://support.sas.com/resources/papers/proceedings 
12/130-2012). 
Species composition and related environmental factors were analysed using CANOCO for 
Windows version 4.5 to determine differences in species composition (TerBraak and 
Smilhauer 1996-2006). Analyses were done to compare species composition at the different 
sites, within the sites and to detect any species composition change at various tree densities. 
Species composition analysis at the five study sites was done firstly using detrended 
correspondence analysis (DCA), and then using a canonical correspondence analysis (CCA) 
to associate environmental factors with communities. The latter identified those factors that 
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contributed to species composition change where this occurred, but also provided reasons for 
the variability in composition. Monte Carlo permutation tests were used to determine the 
significance of relationships between the species composition and environmental variables. 
The role the different communities can play with regards to influencing yield and quality was 
tested. This test was used to clarify if the species differences in the different communities 
(and sub-communities at Adelaide and Kubusi Drift) influenced the data. It is essential that 
the data for the various communities be evaluated specifically for rainfall and tree density 
before any further advice or recommendations can be made. This would clarify whether 
recommendations should be made either per plant community or otherwise per site (linked to 
rainfall). 
4. Results 
4.1 Rainfall 
Rainfall also differed between the two survey years, with the first year being drier than the 
second year at all the sites. Cradock, Kubusi Drift and Kei Mouth sites all had above-average 
rainfall during the second year (Figure 7).  
 
 
Figure 7. Annual rainfall (South African weather service records) for the five survey sites 
in the dry year and wet year (data is nonparametric; W = 0.801). 
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4.2 Tree densities 
Mean tree densities (excluding areas without trees) ranged from 2 300 to over 6 600 TE/ha 
(Figure 8). While the mean tree density was found to be significantly different at the different 
sites (Figure 8), this was due to the average tree density at Kei Mouth being lower than that 
measured at Cradock (p = 0.034) (Table 2; H = 14.808; p < 0.001). 
 
 
 
Figure 8. Average Acacia karroo tree densities measured at the five study sites (vertical 
bars represent + 1 S.D. and the data excludes those survey sites with no trees). 
The tree density data were non-parametric (W = 0.688). 
 
 Kruskal-Wallis test for significance of difference between tree densities at the 
different study sites (H = 14.808; p < 0.001; significant differences shown in bold). 
 
 Cradock Adelaide Cathcart Kubusi Drift 
Adelaide 0.313    
Cathcart >0.999 0.440   
Kubusi Drift >0.999 0.675 >0.999  
Kei Mouth 0.034 >0.999 0.053 0.092 
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4.3 Grass yield 
Grass production differed amongst the sites and in the different years (Figure 9). The lowest 
average production was measured at Adelaide while the highest was recorded at Kei Mouth. 
Overall (both years, all yield data), yield differed significantly at the different sites (Table 3, 
H = 138.531; p < 0.001). However, the yields at Cradock were not significantly different 
from those measured at Adelaide and Cathcart (Table 3).  
 
 
Figure 9. Mean annual grass production (yield) measured at each of the five study sites in 
the dry and wet years (vertical bars represent + 1 S.D. and yield data were non-
parametric: W = 0.840). 
 
 Kruskal-Wallis test for significance of difference between yield at the five study 
sites (H = 138.531; p < 0.001; significant differences shown in bold). 
 
 Cradock Adelaide Cathcart Kubusi Drift 
Adelaide >0.999    
Cathcart >0.999 0.046   
Kubusi Drift <0.001 0.001 <0.001  
Kei Mouth <0.001 <0.001 <0.001 0.005 
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Site differences in yield were variable in the two years (Figure 9). The two years had 
different rainfall (Cradock 363 mm and 517 mm, Adelaide 293 mm and 554 mm, Cathcart 
252 mm and 578 mm, Kubusi Drift 548 mm and 1082 mm, Kei Mouth 568 mm and 1232 
mm). The first year of measurement was a dry year, and in this year, there were significant 
yield differences overall (Table 4; H = 105.185; p < 0.001). This difference was due to a 
significant difference between yield measured at Kei Mouth and all the other sites (Table 4). 
The other significant differences were between yield measured at Adelaide and that measured 
at both Cradock and Cathcart in the dry year (Table 4). 
 Kruskal-Wallis test for significance of difference between yield at the five study 
sites in the dry year (H = 105.185; p < 0.001; significant differences shown in 
bold). 
 Cradock Adelaide Cathcart Kubusi Drift 
Adelaide 0.004    
Cathcart >0.999 0.023   
Kubusi Drift 0.112 >0.999 0.398  
Kei Mouth <0.001 <0.001 <0.001 <0.001 
 
In the wet year, the grass yield was also significantly different at the different sites (Table 5; 
H = 99.249; p < 0.001) with significant differences when comparing the three drier sites 
(Cradock, Adelaide, and Cathcart) with the two wetter sites (Kei Mouth and Kubusi Drift). 
The two wetter sites also had significantly different grass yields (Table 5). The three drier 
sites did not have significantly different grass yields in the wet year (Table 5). 
 Kruskal-Wallis test for significance of difference between yield at the five study 
sites in the wet year (H = 99.249; p < 0.001; significant differences shown in bold). 
 Cradock Adelaide Cathcart Kubusi Drift 
Adelaide >0.999    
Cathcart 0.156 >0.999   
Kubusi Drift <0.001 <0.001 <0.001  
KeiMouth 0.012 <0.001 <0.001 0.030 
 
Considering that the two years were dry (year 1) and wet (year 2), the average rainfall for the 
two years at Cradock, Adelaide and Cathcart was low, but similar to their long-term averages 
(Figures 1 and 7). By contrast, the two sites with higher rainfall had below-average rainfall in 
the dry year (year 1), but above-average rainfall in the wet year (year 2).  
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4.3.1 The influence of tree density on grass yield  
Tree density and yield at all sites 
A Spearman’s rank test statistic showed a weak correlation between tree density and yield for 
all sites (R = -0.253; p < 0.001; n = 390). The correlation held for both the dry (R = -0.329; p 
< 0.001; n = 195) and wet (R = -0.190; p < 0.001; n = 195) years. The correlations are 
negative, indicating that yield decreased when tree density increased. 
Tree density and yield at Cradock 
A negative correlation between tree density and grass yield held for Cradock (R = -0.381; p < 
0.001; n = 78) in both the dry (R = -0.527; p < 0.001; n = 39) and wet (R = -0.338; p = 0.035; 
n = 39) years. 
Tree density and yield at Cathcart  
At the Cathcart site, yield was also negatively impacted by tree density (R = -0.449; p < 
0.001; n = 78) in both the dry (R = -0.509; p < 0.001; n = 39) and in the wet year (R = -0.466; 
p = 0.003; n = 39). 
Tree density and yield at Adelaide  
The Adelaide site showed no correlation between tree density and yield (R = 0.073; p = 
0.525; n = 78) in both the wet (R = 0.034; p = 0.835; n = 39) and dry (R = 0.117; p = 0.477; n 
= 39) years. 
Tree density and yield at Kubusi Drift  
At the Kubusi Drift a negative correlation between yield and tree density was found in the dry 
year (R = -0.384; p = 0.015; n = 39). During the wet year, when moisture was not limiting 
(Figure 7), even at very high tree density levels (Figure 8) no correlation was found (R = 
0.267; p = 0.100; n = 39). As a result, the combined years yield (Figure 9) showed no 
correlation with tree density (R = -0.031; p = 0.788; n = 78) even though Kubusi Drift had the 
highest tree density of the five sites. 
Tree density and yield at Kei Mouth  
At the Kei Mouth site there was no correlation between tree density (Figure 8) and yield 
(Figure 9; R = -0.188; p = 0.099; n = 78) in both the dry (R = -0.263; p = 0.105; n = 39) and 
wet (R = -0.124; p = 0.451) years (Figure 7). The tree density at Kei Mouth was low-range 
for the five sites. 
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4.4 Comparison of grass protein content amongst sites 
Grass crude protein content ranged from less than 6% to almost 12% (Figure 10). Apart from 
Cradock, the grass crude protein content was lower in the wet year at all the sites. This 
relationship persists when considering rainfall in that the grass crude protein content (Figure 
10) also showed a negative correlation with rainfall (Figure 7) and grass yield (Figure 9). 
 
 
Figure 10. Grass crude protein content measured at each of the five study sites in the dry and 
wet years (vertical bars represent + 1 S.D. and yield data was non-parametric: W 
= 0.967). 
 
4.4.1 The influence of tree density on grass crude protein content at all sites 
Overall, tree density (Figure 8) influences the crude protein content (Figure 10) of the grass 
(R = 0.309; p < 0.001; n = 390 for all sites). This relationship was positive for both the dry (R 
= 0.363; p < 0.001; n = 195) and wet (R = 0.279; p < 0.001; n = 195) years when analysing 
the data from all sites (Figure 10). 
4.4.2 Tree density and grass crude protein content at the three dry sites 
At Cradock and Cathcart, there was correlation between crude protein and tree density in the 
dry year (Cradock: R = 0.487; p = 0.002; n = 39; Cathcart: R = 0.455; p = 0.004; n = 39) with 
the same relationship reported at Adelaide (at 94% confidence – R = 0.305; p = 0.058; n = 
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R = 0.186; p = 0.258; n = 39; Cathcart: R = 0.125; p = 0.450; n = 39; Adelaide: R = 0.187; p 
= 0.255; n = 39). 
4.4.3 Tree density and grass crude protein content at the Kubusi Drift site 
At Kubusi Drift, both the dry (548 mm rainfall; R = 0.491; p = 0.002; n = 39) and wet (1 082 
mm rainfall; R = 0.463; p = 0.003; n = 39) years showed a positive correlation (overall, R = 
0.445; p < 0.001; n = 78). The positive influence of tree density on grass quality is shown in 
Figure 11, where Acacia karroo trees increased crude protein content by 4.07% in grasses 
from 7.85% where there was no trees to as high as 11.92% at high tree densities. 
4.4.4 Tree density and grass crude protein content at the Kei Mouth site 
At Kei Mouth there was no correlation between tree density and grass crude protein content 
in the dry (R = 0.256; p = 0.116; n = 39) or wet (R = 0.294; p = 0.070; n = 39) years. 
 
 
 
 
Figure 11. The relationship between tree density (mean tree equivalents per hectare) and 
grass crude protein content (%) at the Kubusi Drift study site (vertical bars 
represent + 1 S.D.). 
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4.5 Soil properties 
4.5.1 The influence of tree density on soil properties 
Soil temperature was the lowest at the Kubusi drift (a mean of 24˚C, Figure 12), the site with 
the highest average tree density, but all sites other than Cradock were similar. Cradock soils 
were well over 30˚C on average (Figure 12). As expected, temperature was reduced by high 
tree density (Table 6 and Figure 8) due to the shading provided by the trees.  
Soil pH was the highest at Cradock (7.47), the low rainfall site, and reduced with rainfall to 
4.86 at the site with the highest rainfall (Kei Mouth, Figure 12). Acid saturation (Cathcart 
excepted, Figure 13), soil acidity (Figure 14) and zinc (Figure 15) increased with rainfall, 
with the lowest values at the driest site (Cradock: acid saturation = 0.7 cmol/l; acidity = 
0.14% and Zn below 2 mg/l, Figures 13-15) compared to the highest figures at the wettest site 
(Kei Mouth: acid saturation just below 3 cmol/l; acidity = 0.28% and Zn of 4 mg/l, Figures 
13-15). In contrast to this phosphorus (Figure 15), potassium and calcium (Figure 16) 
decreased as rainfall increased: Kei Mouth as the wettest site had a mean soil phosphorus 
concentration of close to 10 mg/l; potassium at just over 280 mg/l and calcium just below 
1 500 mg/l as opposed to the dry site at Cradock where soil phosphorus was just over 12 
mg/l; potassium around 750 mg/l and calcium almost 4 000 mg/l (Figures 15, 16).. The acid 
saturation (Figure 13; the relationship between soil acidity – Figure 14 – and the total K, Ca 
and Mg concentrations) was also lower under high tree densities (Table 6). 
 Spearman’s Rank correlation between tree density and various soil properties 
(significant associations shown in bold). 
 
Spearman N t(N-2) p 
Tree density vs. soil temperature -0.181 195 -2.556 0.011 
Tree density vs. soil water holding capacity -0.079 195 -1.105 0.270 
Tree density vs. soil density 0.037 195 0.509 0.611 
Tree density vs. P 0.198 195 2.808 0.006 
Tree density vs. K 0.136 195 1.900 0.059 
Tree density vs. Ca 0.200 195 2.836 0.005 
Tree density vs. Mg 0.079 195 1.103 0.271 
Tree density vs. acidity -0.091 195 -1.268 0.206 
Tree density vs. acid saturation -0.169 195 -2.380 0.018 
Tree density vs. pH 0.189 195 2.677 0.008 
Tree density vs. Zn 0.004 195 0.054 0.957 
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Figure 12. Average soil pH, soil temperature (˚C) and soil water holding capacity (%) 
measured at the study sites (vertical bars represent + 1 S.D.). 
 
 
Figure 13. Average soil acid saturation (cmol per litre of soil) measured at the study sites 
(vertical bars represent + 1 S.D.). 
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Figure 14. Average soil acidity (%) measured at the study sites (vertical bars represent + 1 
S.D.). 
 
 
Figure 15. Average concentration of phosphorus and zinc in soil sampled at the study sites 
(vertical bars represent + 1 S.D.). 
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Figure 16. Average concentration of potassium and calcium in soil sampled at the study sites 
(vertical bars represent + 1 S.D.). 
 
 
Figure 17. Average concentration of magnesium in soil sampled at the study sites (vertical 
bars represent + 1 S.D.). 
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Soil phosphorus, calcium (Figures 15 and 16) and pH (Figure 12) increased significantly as 
tree density increased (Table 6). By contrast, magnesium that ranged from 150 to 450 mg/l, 
was not affected by tree density (Figure 17, Table 6). Both phosphorus and calcium are 
macro elements in the soil that plants need in large quantities to ensure successful and 
sustainable growth. 
If the Cradock yield data are excluded (due to high abundance of Karoo shrubs), and the data 
in Figure 9 are rearranged to represent yields at low to high tree density (Figure 18) it is 
evident that, during the dry year, tree density had a strongly negative impact on grass yield. 
This relationship also held in the wet year for the three sites with the lower tree densities 
(Figure 18). 
 
 
Figure 18. Average grass production (kilograms per hectare) for two years, one dry and one 
wet, at four sites from the site with the lowest tree density (Kei Mouth) to the site 
with the highest tree density (Kubusi Drift) (vertical bar represents + standard 
deviation). 
4.5.2 The influence of soil properties on grass yield 
Multiple Linear Regression is used to describe the relationship between a dependent variable 
and several independent variables (environmental). 
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Because of the differences in rainfall (Figure 7) for the two years, grass yield and crude 
protein data were separately compared to the different environmental factors. The data for 
summer and winter were also separately compared. 
The Multiple Regression analysis assessed the following dependent variables: yield in the dry 
year, yield in the wet year, winter crude protein content, and summer crude protein content in 
the dry year as well as in the wet year. The independent variables used were tree density, 
canopy direction north-south (sample located under the tree canopy, on either the north or the 
south of the tree base), canopy direction east-west (sample located under tree canopy, on 
either the east or west of the tree base), canopy cover (samples directly under tree canopy), 
soil temperature, water holding capacity, bulk density, acidity, acid saturation and the 
concentrations of phosphorus, potassium, calcium, magnesium, and zinc. 
In the dry year the following correlation was found between yield and the environmental 
factors: tree density (-), water holding capacity (+), phosphorus (+), calcium (-), and soil 
acidity (+). Water holding capacity have the strongest correlation (p<0.001) with yield, 
followed by acidity (p<0.001), tree density (p<0.001), phosphorus (p = 0.003), and Ca (p = 
0.048) (Table 7). Soil water holding capacity, phosphorus, and acidity show a positive 
relationship with grass yield during the dry year (Table 7). The two sites with the highest soil 
water holding capacity (Figure 12; Kei Mouth and Adelaide) produced more grass during the 
dry year (Figure 18) than the sites with lower soil water holding capacity (Cathcart and 
Kubusi Drift). The site with the highest concentration of soil acidity (Figure 14), show a 
positive correlation with yield in the dry year (Figure 18). 
During the wet year (Table 8) tree density has no correlation with yield (Figure 9). The 
environmental factors, water holding capacity (+), phosphorus (+), potassium (-), and zinc (+) 
are associated with grass yield in a wet year. Soil potassium (p<0.001) and phosphorus 
(p<0.001) show the strongest correlation with yield in the wet year followed by soil water 
holding capacity (p = 0.012) and zinc (p = 0.048). The higher concentrations of soil 
potassium (Figure 16) at the Cradock, Adelaide and Cathcart study sites corresponded to 
lower grass yields measured (Figure 9) in the wet year. Zinc and potassium show a 
relationship with yield only in the wet year (Table 8). Soil zinc concentrations were high at 
both the Kei Mouth and Kubusi Drift study sites during the wet year (Figure 15).  
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 Multiple Linear Regression of the dry year summer season grass yield with plant 
and soil properties (F = 15.756; p < 0.001; d.f. = 180, 14). Regression equation: 
Grass yield = 0.395 ± 0.082 soil acidity + 0.345 ± 0.063 soil water holding capacity 
– 0.225 ± 0.056 tree density – 0.193 ± 0.097 soil Ca + 0.175 ± 0.057 soil P. 
 
Partial coefficient 
(intercept = 0) 
S.E. t p 
Tree density -0.225 0.056 -3.979 p < 0.001 
Direction north-south 0.017 0.053 0.313 0.754 
Direction east-west 0.048 0.051 0.947 0.345 
Canopy cover 0.060 0.058 1.034 0.303 
Soil temperature 0.074 0.072 1.034 0.302 
Soil water holding capacity 0.345 0.063 5.456 p < 0.001 
Soil density 0.001 0.051 0.017 0.986 
Soil P 0.175 0.057 3.060 0.003 
Soil K 0.005 0.089 0.052 0.958 
Soil Ca -0.193 0.097 -1.988 0.048 
Soil Mg 0.064 0.056 1.137 0.257 
Soil acidity 0.395 0.082 4.805  p < 0.001 
Soil acid saturation 0.051 0.082 0.621 0.535 
Soil Zn 0.056 0.056 1.008 0.315 
 
 Multiple Linear Regression of the wet year summer season grass yield with plant 
and soil properties (F = 3.533; p < 0.001; d.f. = 180, 14). Regression equation: 
Grass yield = (-0.430 ± 0.118 soil K + 0.270 ± 0.076 soil P + 0.213 ± 0.084 soil 
water holding capacity + 0.148 ± 0.074 Zn). 
 
Partial coefficient 
(intercept = 0) 
S.E. t p 
Tree density -0.039 0.077 -0.529 0.598 
Direction north-south 0.055 0.071 0.774 0.440 
Direction east-west 0.048 0.067 0.708 0.480 
Canopy cover -0.063 0.076 -0.820 0.413 
Soil temperature -0.153 0.095 -1.607 0.110 
Soil water holding capacity 0.213 0.084 2.546 0.012 
Soil density -0.022 0.067 -0.326 0.745 
Soil P 0.270 0.076 3.568  p < 0.001 
Soil K -0.430 0.118 -3.647 p < 0.001 
Soil Ca 0.178 0.128 1.389 0.167 
Soil Mg -0.066 0.074 -0.889 0.375 
Soil acidity -0.102 0.109 -0.938 0.349 
Soil acid saturation 0.070 0.108 0.645 0.519 
Soil Zn 0.148 0.074 1.993 0.048 
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Figure 19. Average seasonal grass crude protein content (%) for winter, dry summer and wet 
summer seasons measured at the study sites (vertical bars represent + 1 S.D.). 
 
4.5.3 The influence of tree density and soil properties on grass protein content 
Tree density (Figure 8), soil temperature (Figure 12) and soil calcium concentration (Figure 
16) show a positive correlation with grass crude protein content as a measure of plant quality 
(Figure 19) in the winter growth (Table 9). Soil water holding capacity (Figure 12) and soil 
acidity (Figure 14) is negatively associated with grass crude protein during the winter period 
(Figure 19). 
In the summer of the dry year, grass crude protein content (quality results) shows a 
correlation with several environmental factors (Table 10). The potassium content (Figure 16) 
of the soil show a positively correlation with grass crude protein (Table 10) while the zinc 
content (Figure 15) was negatively associated with grass crude protein (Table 10). Tree 
density (+) and soil acidity (-) show a correlation with grass quality during the dry year 
(Table 10). Tree density show the strongest correlation (p<0.001). Tree density (Figure 8) 
improved plant quality (Figure 10) while soil acidity (Figure 14) reduced plant quality (Table 
10). 
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 Multiple Linear Regression of the winter grass protein content and plant and soil 
properties (F = 23.219; p < 0.001; d.f. = 180, 14). Regression equation: Crude 
protein = 0.495 ± 0.087 soil Ca + 0.271 ± 0.050 tree density - 0.229 ± 0.056 soil 
water holding capacity – 0.220 ± 0.073 soil acidity + 0.149 ± 0.064 soil 
temperature. 
 
Partial coefficient 
(intercept = 0) 
S.E. t p 
Tree density 0.271 0.050 5.396 p < 0.001 
Direction north-south -0.022 0.048 -0.457 0.648 
Direction east-west -0.089 0.045 -1.962 0.051 
Canopy cover 0.028 0.051 0.552 0.582 
Soil temperature 0.149 0.064 2.329 0.021 
Soil water holding capacity -0.229 0.056 -4.070 p < 0.001 
Soil density 0.028 0.045 0.609 0.543 
Soil P 0.073 0.051 1.438 0.152 
Soil K 0.002 0.079 0.031 0.975 
Soil Ca 0.495 0.087 5.723 p < 0.001 
Soil Mg -0.042 0.050 -0.845 0.3997 
Soil acidity -0.220 0.073 -3.003 0.003 
Soil acid saturation 0.064 0.072 0.882 0.379 
Soil Zn -0.031 0.050 -0.623 0.534 
 Multiple Linear Regression of the dry year’s summer grass protein content and 
plant and soil properties (F = 8.702; p < 0.000; d.f. = 180, 14). Regression 
equation: Crude protein = 0.306 ± 0.065 tree density – 0.264 ± 0.095 soil acidity + 
0.232 ± 0.103 soil K – 0.133 ± 0.065 soil Zn. 
 
Partial coefficient 
(intercept = 0) 
S.E. t p 
Tree density 0.306 0.065 4.706 p < 0.001 
Direction north-south 0.023 0.061 0.373 0.710 
Direction east-west 0.061 0.059 1.035 0.302 
Canopy cover -0.056 0.067 -0.839 0.402 
Soil temperature -0.120 0.083 -1.447 0.150 
Soil water holding capacity 0.134 0.073 1.844 0.067 
Soil density 0.056 0.059 0.957 0.340 
Soil P 0.031 0.066 0.466 0.642 
Soil K 0.232 0.103 2.258 0.025 
Soil Ca 0.164 0.112 1.461 0.146 
Soil Mg -0.093 0.065 -1.426 0.155 
Soil acidity -0.264 0.095 -2.785 0.006 
Soil acid saturation 0.014 0.094 0.153 0.879 
Soil Zn -0.133 0.065 -2.066 0.040 
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In a wet year, the regression results for the summer survey (Table 11) were similar to that of 
the dry year (Table 10), with the exception of calcium (Figure 16) that showed a positive 
correlation with plant quality in the wet year (Table 11). Tree density and soil acidity were 
consistently related to grass protein content regardless of the year of sampling and season. 
 
 Multiple Linear Regression of the wet year’s summer grass protein content and 
plant and soil properties (F = 10.168; p < 0.000; d.f. = 180, 14). Regression 
equation Crude protein = 0.452 ± 0.108 soil Ca – 0.357 ± 0.092 soil acidity + 0.229 
± 0.063 tree density. 
 
Partial coefficient 
(intercept = 0) 
S.E. t p 
Tree density 0.229 0.063 3.643 p < 0.001 
Direction north-south -0.017 0.059 -0.280 0.780 
Direction east-west -0.077 0.057 -1.358 0.176 
Canopy cover -0.001 0.064 -0.022 0.982 
Soil temperature -0.042 0.080 -0.518 0.605 
Soil water holding capacity 0.070 0.070 0.993 0.322 
Soil density 0.031 0.057 0.539 0.590 
Soil P 0.030 0.064 0.464 0.643 
Soil K 0.030 0.099 0.303 0.762 
Soil Ca 0.452 0.108 4.170 p < 0.001 
Soil Mg -0.037 0.063 -0.585 0.559 
Soil acidity -0.357 0.092 -3.895 p < 0.001 
Soil acid saturation 0.085 0.091 0.934 0.352 
Soil Zn -0.027 0.062 -0.426 0.671 
 
 
In the case of yield, there was no difference between grass production under tree canopies 
compared to yield under the shade cloth canopy (Table 12). However, with grass crude 
protein, grasses under the trees delivered significantly different protein content compared to 
grasses that were shaded without the leguminous tree (Table 12). 
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 Wilcoxon Matched Pairs test of grass yield and crude protein content between 
shaded plots under trees and under 80% shade cloth. Significant differences are 
shown in bold. 
 Wilcoxon statistic (V) p 
Yield dry year  93 0.064 
Yield wet year 84 0.188 
Crude protein % dry year 3 <0.001 
Crude protein % wet year 12 0.004 
 
 
4.6 Species composition 
4.6.1 Classification (Cluster analysis) 
A hierarchical cluster analysis (Ward’s method) showed an optimum of four clusters for the 
quadrat samples. The Kei Mouth (wettest) and Cradock (driest) sites, formed separate 
clusters, being most dissimilar from the rest.  
The Kei Mouth samples were completely contained in one cluster with no Kei Mouth 
samples occurring in any of the other clusters (complete fidelity and constancy; Figure 20). 
The Cradock samples were completely contained in one cluster with only one Kubusi Drift 
sample in the cluster (complete constancy and fidelity for Cradock samples in this cluster; 
Figure 20). 
The Kubusi Drift samples grouped for the most part into one cluster (Figure 20). All but one 
Kubusi Drift sample grouped into one cluster (fidelity of 97%). Seven of the Cathcart 
samples grouped with this cluster and represented 16% of the cluster. The Kubusi Drift and 
Cathcart study sites are the closest to each other compared to the other three sites, accounting 
for the mix in this cluster.  
The remaining cluster consisted of most of the remainder of the Cathcart samples and all the 
Adelaide ones (Figure 20). 
The plant species were different at the different sites as expected (Table 13). Adelaide and 
Cathcart showed similar plant community composition, while Cradock separated with the 
greatest difference due to the presence of Karoo shrubs (Table 13) together with the grasses. 
Species common to two or more sites are listed in Table 14. 
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Figure 20. Reordered dendrogram of samples generated by Ward’s clustering. The groups, in order of their level of dissimilarity from the 
remaining samples were Kei Mouth (codes starting with 5; Group 4, turquoise block); Cradock (codes starting with 1, Group 1; red 
block); Kubusi Drift (codes starting with 4; Group 3, blue block). The Cathcart (codes starting with 3) and Adelaide (codes starting 
with 2) samples formed a mixed group (Group 2 and 4; green block).  
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 The community unique species for each of the study sites. Names in grey are 
shrubs. Species authorities are provided in Appendix 1. 
Community Community unique species 
Cradock Atriplex lindleyi 
Cenchrus ciliaris 
Chloris virgata 
Eragrostis lehmanniana 
Euphorbia caterviflora  
Felicia muricata 
Helichrysum dregeanum 
Lycium cinereum 
Ruschia imbricata 
Sporobolus ioclados 
Stipagrostis uniplumis 
Tragus racemosus 
Adelaide- 
Cathcart 
Aristida congesta subsp. barbicollis 
Aristida diffusa 
Cymbopogon pospischilii 
Digitaria eriantha 
Eragrostis chloromelas 
Eragrostis curvula 
Eragrostis gummiflua 
Eragrostis racemosus 
Eustachys paspaloides 
Setaria sphacelata 
Tragus koelerioides 
Kubusi Drift Ehrharta calycina 
Kei Mouth Andropogon appendiculatus 
Alloteropsis semialata 
Aristida junciformis 
Brachiaria serrata 
Cymbopogon nardus 
Digitaria natalensis 
Elionurus muticus 
Eragrostis capensis 
Microchloa caffra 
Miscanthus capensis 
Paspalum dilatatum 
Themeda triandra 
Tristachya leucothrix 
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 The species shared between sites (indicated with an *). Species authorities are 
provided in Appendix 1. 
Species Cradock Adelaide Cathcart Kubusi Drift Kei Mouth 
Cynodon dactylon * - - * - 
Aristida congesta 
subsp. congesta 
* * * - - 
Enneapogon scoparius * * * - - 
Eragrostis obtusa * * * - - 
Panicum maximum * * * - - 
Heteropogon contortus - * * * - 
Eragrostis plana - - - * * 
Harpochloa falx - - - * * 
Hyparrhenia hirta - - - * * 
Sporobolus africanus - - - * * 
 
The four communities were named based on their two most abundant species with high 
fidelity (how seldom the species is found outside a community) and constancy (the frequency 
of a species occurrence in a community). The four communities are listed in Table 15. 
Each of these communities has a different first-choice indicator species (greatest abundance, 
fidelity and constancy; Table 15). The Cradock community indicators of Helichrysum 
dregeanum Sond. and Harv. and Sporobolus ioclados fall in Cluster 4 (Figure 21). These 
species, together with another five shrub species and six other grasses formed the 
Helichrysum dregeanum-Sporobolus ioclados community. 
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Figure 21. Reordered dendrogram of species generated by Ward’s clustering. The communities are listed in Table 15. 
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 The four plant communities recorded at the five study sites surveyed in this study.  
Sample area Community name Physiognomy 
Cradock (group 4) Helichrysum dregeanum-Sporobolus ioclados Grassy dwarf shrubland 
Adelaide-Cathcart (group 1)  Digitaria eriantha - Cymbopogon pospichillii Grassland 
Kubusi Drift (group 3) Sporobolus africanus-Themeda triandra Tall grassland 
Kei Mouth (group 2) Digitaria natalensis-Paspalum distichum Tall grassland 
 
Cynodon dactylon is a species shared by the two communities of Cradock and Kubusi Drift 
high tree density (Table 14). This species is known to grow on various soils and habitats, but 
prefers soils with high nitrogen (better quality soils) levels. Drier areas, such as those at the 
Cradock study site, have better quality soils than high rainfall areas where the soils are 
leached. The areas at Kubusi Drift that had high tree densities had a community that was 
indicated by Cynodon dactylon, with the high densities of Acacia karroo trees creating more 
fertile soil conditions similar to that of Cradock.  
The community at Kubusi Drift (Group 3, Figure 21) was indicated by Sporobolus africanus 
and Themeda triandra (Table 15).  
The Adelaide-Cathcart community (Group 1, Figure 21) was dominated by Digitaria 
eriantha and Cymbopogon pospichillii (Table 15). Adelaide and Cathcart in this cluster 
analysis show overlapping of plant species. These two sites are closely related with regard to 
rainfall. 
The two community group indicator species for Kei Mouth (Digitaria natalensis and 
Paspalum distichum; Table 15) fall in Cluster 2 that (Figure 21), together with Andropogon 
appendiculatus Nees, Elionurus muticus and Tristachya leucothrix form the core of the 
Digitaria natalensis-Paspalum distichum community. No indicator species from other 
communities fall in this group. 
4.6.2 Indirect ordination (Detrended Correspondence Analysis) 
Detrended Correspondence Analysis (DCA) of all the data yielded eigenvalues of 0.789, 
0.276, 0.212 and 0.160 for the best four ordination axes. Using the two best ordination axes 
for sample data (Figure 22A) each of the sites, except for the Adelaide and Cathcart, 
separated completely from the others. Adelaide and Cathcart sites had considerable overlap 
(Figure 22). The Kubusi Drift plots had greater variability in species composition than the 
other sites had. 
81 
 
The species diagram showing the two best ordination axes (Figure 22B) showed a separation 
of the Cradock species to the left, the Kubusi Drift and Kei Mouth samples in the centre, and 
the Adelaide-Cathcart species to the right.  
Based on the lack of separation of the Adelaide and Cathcart samples (Figure 22), a 
Detrended Correspondence Analysis was done on the Adelaide and Cathcart samples only 
(Figure 23). The eigenvalues for the best four axes were 0.295, 0.185, 0.131 and 0.082 and 
the best two axes were used in the diagram (Figure 23). In this diagram, a third of the 
Adelaide samples lie on the right of the horizontal ordination axis while the rest lie on the left 
of the same axis. Those lying on the left are all from a north-facing slope compared to 
quadrats on south-facing slopes. The Cathcart samples lie towards the axis centre (Figure 23).  
Ordination (DCA) analysis for the Kubusi Drift site indicates this to be the only site where 
the species composition differed in the different tree densities (Figure 24A). The eigenvalues 
for the four best ordination axes were 0.259, 0.150, 0.093 and 0.034. The four tree density 
categories (no trees, low, moderate and high tree densities) showed up as a community 
composition gradient with the high tree density samples separating fully from the rest. 
Cynodon dactylon and Ehrharta calycina are species associated with the highest tree density 
at this site (Figure 24B). 
4.6.3 Direct constrained ordination (Canonical Correspondence Analysis) 
The influence of various environmental factors on species composition at the various sites 
was determined using an environmental-factor constrained ordination (canonical 
correspondence analysis, CCA). This was used to identify those environmental factors that 
contributed to species composition differences.  
The environmentally constrained ordination (CCA) of all sites shows how the different 
species composition at the Cradock site corresponds to environmental differences (Figure 
25). The eigenvalues for the best four axes were 0.769, 0.673, 0.346 and 0.148 and the best 
two axes were used in the diagram shown in Figure 25. The species composition for the 
Cradock site was significantly (p = 0.002) different to the other four sites. The main 
environmental influences are soil cations, calcium content, potassium concentration as well 
as a pH (Figure 25). The Cradock samples do not fall on the rainfall gradient found in the 
ordination (arrow in Figure 25) due to the soil differences. The species composition at 
Cradock differed in that much of the cover was comprised of karroid shrubs (Table 13, Figure 
25).  
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Figure 22. Detrended Correspondence Analysis of the quadrats (A) and species (B) at all 
five study sites. The sum of all eigenvalues was 5.318 and the cumulative 
variance of species data was 20%. The species names are listed in Appendix 1. 
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Figure 23. Detrended Correspondence Analysis of the quadrats (A) and species (B) at the 
Adelaide and Cathcart study sites. The sum of all eigenvalues was 1.843 and the 
cumulative variance of species data was 26%. The species names are listed in 
Appendix 1. 
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Figure 24. Detrended Correspondence Analysis of the quadrats (A) and species (B) at the 
Kubusi Drift study sites. The sum of all eigenvalues was 1.334 and the 
cumulative variance of species data was 31%. The species names are listed in 
Appendix 1. 
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Figure 25. Canonical Correspondence Analysis of the quadrats and environmental vectors 
(A) and species (B). The sum of all eigenvalues was 5.318 and the canonical 
eigenvalues was 2.198. The cumulative variance of species data was 27% and the 
species-environment relationship was 66%. A Monte Carlo permutation test 
indicated that there was a significant relationship between the species 
composition at all the sites and the environmental variables recorded at them 
(Figure 19; F = 9.805; p = 0.002). The species in cluster 1 are ATLI, CECI, 
CHVI, EBFE, EUCA, FEMU, HEDR, LYCI, SPIO, STUN, and TRRA and 
cluster 2 contains ARBA, ARDI, CYPL, ERCH, ERGA, ERRA, SESP, SPFI and 
TRKO. The species names are listed in Appendix 1. 
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The other four sites (Adelaide, Cathcart, Kubusi Drift and Kei Mouth) lie along a rainfall 
gradient from the dry sites near the ordination origin, to the wetter sites in the top left of the 
ordination (Figure 25). The dominant environmental vectors of annual rainfall applied for 
both the wet year and the dry year (Figure 25). Co-variable soil factors are soil magnesium 
concentration, acidity and water holding capacity (Figure 25). In this constrained ordination, 
there is a partial overlapping of environmental conditions for the Cathcart and Adelaide sites 
(Figure 25). 
A Canonical Correspondence Analysis of the samples at the Adelaide site showed the 
environmental variation at the site to influence species composition (Figure 26; Monte-Carlo 
permutation test: F = 1.714; p = 0.004). The eigenvalues for the best four axes were 0.281, 
0.077, 0.062 and 0.036 and the best two axes were used in the diagram shown in Figure 26. 
Sampling area 1 differed from areas 2 and 3 in that the Acacia karroo trees had lower canopy 
cover and the soils had low water holding capacity (Figure 26). This indicates variation at the 
Adelaide trial site caused by differences in the sample survey area and the subsequent impact 
on species composition. At Adelaide a drier, north-facing survey area, had a different species 
composition. On the dry slope, Tragus koeleriodes and Eragrostis obtusa were found in 
abundance (left of ordination in Figure 26). 
A Canonical Correspondence Analysis (CCA) of the Kubusi Drift samples (Figure 27) 
showed that the conditions were significantly different between the various tree density 
groupings (Monte-Carlo permutation test: F = 1.399; p = 0.038). The eigenvalues for the best 
four axes were 0.238, 0.108, 0.065 and 0.046 and the best two axes were used in the diagram 
shown in Figure 27. The quadrats show a separation of species composition found in the high 
tree density sampling area from that of the other density classes (Figure 27). Grass species 
that show a preference for wet and fertile areas Cynodon dactylon and Ehrharta calycina, 
were prominent in the higher tree density areas. Species such as Cynodon dactylon were 
overrepresented under high tree densities. 
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Figure 26. Canonical Correspondence Analysis of the quadrats and environmental vectors 
(A) and species (B) at Adelaide. The sum of all eigenvalues was 1.206 and the 
canonical eigenvalues was 0.552. The cumulative variance of species data was 
30% and the cumulative variance of the species-environment relationship was 
65%.  
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Figure 27. Canonical Correspondence Analysis of the quadrats (top), species (bottom left) 
and environmental factors (bottom right) at all the Kubusi Drift study sites. The 
sum of all eigenvalues was 1.334 and the canonical eigenvalues was 0.600. The 
cumulative variance of species data was 31% and the species-environmental 
relation was 57.7%. The species names are listed in Appendix 1. 
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4.6.4 Community yield and grass quality 
The different communities differed in yield in both the dry (H = 111.39; p < 0.001; n = 195) 
and wet (H = 101.42; p < 0.001; n = 195) years. They also differed in the protein content in 
the dry (H = 110.88; p < 0.001; n = 195) and wet (H = 102.82; p < 0.001; n = 195) years. 
During the dry year, production by the Kei Mouth grass community differed from all the 
other communities (Table 16) most likely due to rainfall effects rather than species 
composition. The only other community group that differed was that of the Adelaide sample 
area 2 and 3 (wetter than sample area 1) that differed from the Cradock and the Cathcart 
community grass yield.  
The production (yield) during the wet year indicated a difference between the four drier 
communities (Cradock, both Adelaide communities, Cathcart) and the yield at three wetter 
communities (Kei Mouth, both Kubusi Drift communities; Table 17) again indicating the 
importance of rainfall in impacting production rather than species composition. 
In the dry year, the Kei Mouth and Cathcart grass community’s quality differed from that 
measured in most of the other communities (Table 18). The two Adelaide communities also 
differed from each other (Table 18). These differences can also be related to rainfall rather 
than community differences. 
In the wet year, the quality measured at Kei Mouth was the only one significantly different 
(lower crude protein %) from all the other grass communities (Table 19). Rainfall could 
therefore also, in this case, have had an impact as Kei Mouth had the greatest rainfall of all 
the sites (Figure 7). 
 
 
 Kruskal-Wallis significance test results (p) comparing yield between the different 
plant communities for the dry year. 
 Adelaide1 Adelaide2and3 Cathcart KubusiHigh KubusiLow KeiMouth 
Cradock >0.999 0.001 >0.999 >0.999 0.135 <0.001 
Adelaide1  0.473 >0.999 >0.999 >0.999 <0.001 
Adelaide2and3   0.004 0.882 >0.999 0.002 
Cathcart    >0.999 0.473 <0.001 
KubusiHigh     >0.999 <0.001 
KubusiLow      <0.001 
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 Kruskal-Wallis significance test results (p) comparing yield between the different 
plant communities in the wet year. 
 
 Kruskal-Wallis significance test results (p) comparing grass protein content in the 
dry year between the different plant communities. 
 Adelaide1 Adelaide2and3 Cathcart KubusiHigh KubusiLow KeiMouth 
Cradock >0.999 0.494 <0.001 >0.999 0.032 <0.001 
Adelaide1  0.042 <0.001 >0.999 0.003 <0.001 
Adelaide2and3   0.050 0.565 >0.999 <0.001 
Cathcart    <0.001 0.461 0.699 
KubusiHigh     0.104 <0.001 
KubusiLow      <0.001 
 
 Kruskal-Wallis significance test results (p) comparing grass protein content in the 
wet year between the different plant communities. 
 Adelaide1 Adelaide2and3 Cathcart KubusiHigh KubusiLow KeiMouth 
Cradock >0.999 0.001 <0.001 >0.999 0.001 <0.001 
Adelaide1  0.566 0.060 >0.999 0.744 <0.001 
Adelaide2and3   >0.999 0.055 >0.999 0.002 
Cathcart    0.004 >0.999 0.010 
KubusiHigh     0.073 <0.001 
KubusiLow      <0.001 
 
 
It is clear that grass species composition and the various communities, although being one of 
the important factors in palatability and ecology, appears to be of lesser importance when 
production and quality are measured. The environmental factors of rainfall and tree density 
override the impact of species composition and the difference in communities in this case. 
 Adelaide1 Adelaide2and3 Cathcart KubusiHigh KubusiLow KeiMouth 
Cradock 0.937 >0.999 0.332 <0.001 <0.001 0.021 
Adelaide1  >0.999 >0.999 <0.001 <0.001 <0.001 
Adelaide2and3   >0.999 <0.001 <0.001 0.017 
Cathcart    <0.001 <0.001 <0.001 
KubusiHigh     >0.999 0.448 
KubusiLow      0.283 
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4.7 Costing 
The results necessitated the integration of both grass yield and grass quality into a 
recommendation to advise farmers on the influence of tree density in the various rainfall 
regimes. Because productivity and quality losses as well as control of bush encroachment are 
measured as a financial cost, an integrated cost value was determined using both grass quality 
and grass yield. A pasture value index (rand per hectare) was calculated as follows: 
The average crude protein content of a bale of lucerne is taken as 3.75 kg (assuming lucerne 
to have a crude protein content of 15% and a bale generally weighs 25 kg). Assuming a cost 
of R50 per bale of lucerne, the protein value is R13.33 per kg.  
The pasture value can then be calculated as follows to consider both quality and yield: 
V = C/100 * Y * P  
 V = pasture value (R/ha) 
 C = Grass crude protein (%) 
 Y = Grass yield (kg/ha)  
 P = Protein value (R13.33/kg) 
All comparisons could then be made considering this cost model and costs incurred for bush 
control could be directly compared to the production and quality benefits. 
4.7.1 Low rainfall areas 
The generalised predictions for bush clearing actions in the low rainfall areas (long-term 
averages below 400 mm/year = pale blue shaded areas of Figure 1) are based on data from 
Cradock (Figure 28) and predictions are based on Acacia karroo tree densities up to 15 000 
TE/ha. 
At low rainfall (<400 mm/year), grass crude protein content is expected to increase as Acacia 
karroo tree density increases, while grass production is reduced (Figure 28). The increase in 
crude protein content comprised an increase of 3% (from 10% in areas without tree to 13% at 
high tree densities of around 15 000 TE/ha). The initial tree density impact on grass 
production is predicted to be marginal, but is substantially reduced at tree densities above 
3 000 TE/ha.  
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Figure 28. Hypothesised responses of grass production, crude protein content and a resultant 
pasture value (rand) for low rainfall areas (<400 mm/year) of the Eastern Cape. 
Data points are those obtained at the Cradock study site. 
Crude Protein (R) = 0.090(TE/ha) + 5252  R2 = 0.153  
Yield (kg/ha) = -0.086(TE/ha) + 2000  R2 = 0.226 
Pasture value (%) = -0.102(TE/ha) + 2784 R2 = 0.195 
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4.7.2 Medium-low rainfall areas 
The generalised predictions for bush clearing actions in the medium-low rainfall areas (long-
term averages between 400 and 600 mm/year = mid-blue shaded areas of Figure 1) are based 
on data from Adelaide and Cathcart (Figure 29) and predictions are based on Acacia karroo 
tree densities up to 15 000 TE/ha.  
Grass crude protein content increased from around of 7% where no trees were present, to as 
high as 10% at the highest tree densities recorded (Figure 29; up to 13 500 TE/ha). 
Grass production increased slightly at low tree densities, but reduced after tree densities 
increased above 3 000 TE/ha (Figure 29). 
 
Figure 29. Hypothesised responses of grass production, crude protein content and a resultant 
pasture value (rand) for medium-low rainfall areas (400-600 mm/year) of the 
Eastern Cape. Data points are those obtained at the Adelaide and Cathcart study 
sites. 
Crude Protein (R) = -0.014(TE/ha) + 4352 R2 = 0.004 
Yield (kg/ha) = -0.055(TE/ha) + 1648 R2 = 0.168 
Pasture value (%) = -0.063(TE/ha) + 1902 R2 = 0.111 
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4.7.3 Medium-high rainfall areas 
The generalised predictions for bush clearing actions in the medium-high rainfall areas (long-
term averages between 600 and 800 mm/year = deep-blue shaded areas of Figure 1) are based 
on data from Kubusi Drift (Figure 30) and predictions are based on Acacia karroo tree 
densities up to 50 000 TE/ha. 
Crude protein increased with Acacia karroo trees density across most of the range of tree 
densities recorded (Figure 30), increasing from around 8% where no trees were present, to as 
high as 12% at high tree densities (30 000 TE/ha). However, grass production reduced over 
this range. The impact of low tree density in these areas is predicted to be minimal, but grass 
production reduced after tree densities increased above 15 000 TE/ha. 
 
Figure 30. Hypothesised responses of grass production, crude protein content and a resultant 
pasture value (rand) for medium-high rainfall areas (600-800 mm/year) of the 
Eastern Cape. Data points are those obtained at the Kubusi Drift study site. 
Crude Protein (R) = 0.044(TE/ha) + 4518 R2 = 0.176 
Yield (kg/ha) = -0.015(TE/ha) + 3297 R2 = 0.017 
Pasture value (%) = 0.007(TE/ha) + 4003 R2 = 0.002 
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4.7.4 High rainfall areas 
The generalised predictions for bush clearing actions in the high rainfall areas (long-term 
averages above 800 mm/year = dark-blue shaded areas of Figure 1) are based on data from 
Kei Mouth (Figure 31) and predictions are based on Acacia karroo tree densities up to 15 000 
TE/ha. 
In high-rainfall areas, grass crude protein content is predicted to increase only marginally 
(from 6% to 7%) with an increase in Acacia karroo tree density. However grass production is 
predicted to decline rapidly over all tree densities measured. 
 
Figure 31. Hypothesised responses of grass production, crude protein content and a resultant 
pasture value (rand) for high rainfall areas (>800 mm/year) of the Eastern Cape. 
Data points are those obtained at the Kei Mouth study site. 
Crude Protein (R) = 0.038(TE/ha) + 3067 R2 = 0.182 
Yield (kg/ha) = -0.124(TE/ha) + 3935 R2 = 0.130 
Pasture value (%) = -0.082(TE/ha) + 3283 R2 = 0.076 
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5. Discussion 
5.1 Rainfall influences 
5.1.1 The influence of rainfall on tree densities 
Study sites were initially chosen based on annual long-term rainfall (Figure 1). This was 
based on the suggestion that wet cycles enhance bush encroachment and dry cycles slow it 
down (Tews and Jeltsch 2004, Barger et al. 2009, Gonzalez et al. 2012). As a result, higher 
bush densities were expected at the sites with the higher annual rainfall, compared to the dry 
sites. In this study tree densities only differed between the two sites with the extreme long-
term annual rainfall differences: surprisingly, the wettest site (Kei Mouth, 800-1 000 mm 
annual rainfall) had lower tree densities compared to the driest site (Cradock, 200-400 mm 
annual rainfall). Even though the amount of rainfall may play an important role in promoting 
bush encroachment (Ward 2005) and the establishment of Acacia karroo seedlings (Smit 
1999), it appears that an established grass cover can also be a deciding factor. Established 
grasses compete with tree seedlings (Smit 1999) and may restrict the abundance of woody 
species (Le Roux et al. 1995).  
Furthermore, other site-specific factors could also have had an influence. For example, high 
grass yields present high fuel loads that may influence bush encroachment through fire 
(Matula et al. 2014). The lower grass cover and grass yields in dry areas (Cradock in this 
study) may be the reason for the higher tree densities there. Under high rainfall (Kei Mouth in 
this study) grass yields are high, resulting in higher fuel loads and frequent fires.  
5.1.2 The influence of rainfall on grass community composition 
In this study, the five sites differed with regard to species composition with the plant 
communities separating along a rainfall gradient. The Cradock site differed from the other 
sites in that it had both grasses and karroid shrubs (Tables 13 and 15). This difference was 
also associated with a higher soil pH (Figure 25), this being associated with brackish 
conditions. Sporobolus ioclados, for example, is associated with brackish soil conditions 
(Van Oudshoorn 1992) and was common at the Cradock site. Other dominant species found 
at this site were Tragus racemosa, Cenchrus ciliarus, Stipagrostis uniplumis and Eragrostis 
lehmanniana – all of which are associated with the dry conditions (Van Oudshoorn 1992). 
Cradock was also the only site where community differences were influenced not only by 
rainfall, but also soil conditions. 
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5.1.3 The influence of rainfall on grass yield 
Eastern Cape soils, where Acacia karroo generally invades, tend to be shallow with a low 
water storage capacity (Teague 1989), making rainfall an important limiting factor 
influencing grass production. This study also showed that rainfall has a significant influence 
on grass yield across the conditions in the province. In the dry year, the grass production was 
generally lower than during the years when rainfall was not limiting (Figure 9). Furthermore, 
the two wetter sites (average rainfall above 600 mm) had higher grass production than the dry 
sites (average rainfall below 600 mm).  
Rainfall is believed to play a major part with regard to successful recruitment, encroachment, 
and competition between trees (Wiegand et al. 2005, Meyer et al. 2009). Ward (2005) 
reported rainfall to be one of the driving factors behind bush encroachment. The increase of 
some woody species such as Acacia karroo may benefit grasses. Increased nitrogen 
accumulation under trees increased the water use efficiency, subsequently resulting in 
reduced water requirements of plants in the savannas of northern Senegal (Bernhard-Reversat 
1982). Trees can absorb water from deeper soil levels, releasing moisture in the upper soil 
levels, to be available for grasses (Caldwell and Richards 1989, Dawson 1993). In this study 
these beneficial trends (Acacia karroo trees increased grass production) were only found 
during periods of high rainfall. During times of moisture stress there was no enhancement of 
grass production. This is similar to arid rangelands of the Middle East where the positive 
benefits created by other plants were not realized when plant competition increases (Jankju 
2013). 
Very high rainfall conditions do not necessarily result in unlimited benefit for grass 
production. A point can be reached where increased rainfall does not further increase grass 
production. In a dry savanna of the Northern Cape, South Africa, during an above-average 
rainfall period, the addition of water was shown to have no effect on biomass production and 
quality (Khanyisile and Ward 2010). Similar results have also been recorded in higher rainfall 
areas, where no increase in higher grass production could be shown under enhanced rainfall 
(Engle et al. 1987, Mordelet and Menaut 1995, Zavaletu and Kettley 2006). The Kei Mouth 
site in this study is such an example and at the site the high rainfall year (1 232 mm) had 
lower grass production the lower rainfall year (Figures 7 and 9). This indicates that above 
average rainfall conditions may increase grass yield up to a maximum without any further 
benefits thereafter. 
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Rainfall not only influences grass yield but also influences the establishment and success of 
woody plants. The successful establishment of woody plants can be counterproductive when 
higher tree densities will increase plant competition. In low rainfall areas, grass cover is 
generally sparse, reducing the ability for grasses to compete with shrub recruitment. Low 
rainfall can cause increased shrub recruitment, when shrubs compete particularly strongly in 
open spaces with poor grass cover (Hoffman et al. 1990). This was typically the case at the 
driest site (Cradock), although the site has the lowest annual rainfall, higher tree densities 
were present compared to some of the wetter sites (Figure 8). 
During wet seasons, when moisture is not limited, it was found that the herbaceous layer has 
little effect on woody plants (Knoop 1985, Scogings 2008) and tree encroachment may 
continue unchecked. However, at the high rainfall site of this study (Kei Mouth) the lowest 
tree density was recorded (Figure 8). In contrast with the findings of Knoop (1985) and 
Scogings (2008), the site has a dense grass cover with established root systems in the top soil 
layer and the grass is more effective in competing with shrub seedlings for the limited 
moisture. This scenario has also been found under high rainfall situations of the Eastern 
Karoo, where increased grass cover increased competition with shrubs for resources (Low 
and Rebelo 1996). 
The postulation that the amount of rainfall is a driving factor encouraging bush encroachment 
(Ward 2005) should be modified to state that rainfall amount is one of the factors determining 
the influence of bush encroachment on grass yield. 
5.1.4 The influences of rainfall on grass quality (protein content) 
Optimal quality is one of the forage requirements needed to ensure that animal productivity is 
maintained (Teague 1987). In this study grass crude protein content was used as an indicator 
of grass quality. 
Quality can be determined by a correct balance between the following determining factors 
(among others): rainfall, tree density and soil properties (Callaway and Walker 1997, Abule 
et al. 2005, Noumi et al. 2011). This was found to be true in this study with both Acacia 
karroo tree density and annual rainfall influencing grass crude protein content. Crude protein 
content was lower at the high rainfall sites compared to those at the lower rainfall sites 
(Figure 10). During the years with the lower rainfall, grass crude protein content was higher 
compared to the years with the high rainfall. Even though high annual rainfall may increase 
production (Section 5.1.3) the material produced may be of a lower quality. 
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In contrast to the negative influence rainfall has on grass quality, grass crude protein content 
was higher at the higher tree densities (Figure 11). This indicates one of the positive impacts 
(nutrient facilitation) Acacia karroo trees can have on surrounding grasses (Smit 1999, Abule 
et al. 2005, Hagos and Smit 2005, Noumi et al. 2011). This study showed that high rainfall 
years in both low and high rainfall areas, under low Acacia karroo tree densities the grass 
quality was low. The benefit from the Acacia karroo trees was therefore minimal compared 
to the enhanced growth resulting from the high rainfall. Under high rainfall where tree 
density was high, grass quality increased (tree density had a positive impact on crude protein 
content). In this study, the Acacia karroo tree density contributed in a positive way that has 
now been demonstrated to be due to the presence of the tree, rather than due to its shading 
effect (Table 12). 
5.2 Tree density influences 
5.2.1 The influence of tree density on grass community composition 
Species composition below tree canopies has been shown to differ from that in open 
grassland areas (Belsky et al. 1993, Negesa et al. 2014). It is possible that these species 
composition changes may be either beneficial or detrimental for grazing animals. Carrying 
capacity is a sustainable stock level expressed as large stock units per hectare. Because 
carrying capacity is based on plant species composition and veld condition, any change to 
composition as a result of bush encroachment may result in a change in veld condition and 
hence also impact grazing capacity. By means of adaptive response and the development of 
the herbaceous vegetation, some tree species have been found to increase herbaceous 
production under their canopy (Grouzis and Akpot 1997). However, this study shows that 
grass species composition change and production increases under trees are more likely to be 
as a result of the benefits from trees because of soil enrichment (Smit 1999). Grass species 
composition was only altered because of tree density at the study site with the highest Acacia 
karroo tree densities (Figure 24). The site had the highest rainfall compared to the other sites 
in the study and a separation in species composition was found between the high tree density 
and those areas with the moderate tree density, low tree density as well as areas with no trees. 
The grasses Cynodon dactylon, Ehrharta calycina and Paspalum distichum showed a 
preference for the high tree density areas (Figure 27). These three species share a preferred 
habitat of wet and fertile (high nitrogen value soils) areas (Van Oudshoorn 1992). With 
increased soil nitrogen under leguminous bush encroachment conditions (Belsky et al. 1993, 
Zavaletu and Kettley 2006, Hagos and Smit 2005, Abule et al. 2005, Noumi et al. 2011), it is 
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clear that under these conditions, within the wet areas of the Eastern Cape, Acacia karroo at 
high tree densities enriched the soil to such an extent that species composition is changed 
over time to a composition of grasses that prefer more moist and fertile soils (Section 4.6.3, 
Figure 27). In this study, these species composition differences under the dense tree 
conditions did not influence grass yield or grass quality in that the effects of rainfall on grass 
yield and quality exceeded that of community composition differences. Based on analysis 
(Figure 27) it appears that the moisture conditions are not restricting in the Eastern Cape’s 
higher rainfall conditions and the competition for moisture between trees and grasses is 
reduced under high tree density and canopy cover.  
Even though this study shows that species composition differences do not result in altered 
grass production, it may influence animal behaviour. Species composition under leguminous 
trees affects animal grazing behaviour through species and or area selection (Cerqueira et al. 
2004, Treydte et al. 2010). This secondary influence may cause further species change. 
Animal grazing behaviour can increase grazing pressure under trees. Animals prefer certain 
grass species to others and if more of these species grow under trees, animals may continue to 
select these areas. 
5.2.2 The influence of tree density on grass yield 
All plants compete for nutrients and moisture, including grasses and trees. Various 
researchers have shown that trees have a negative impact on grass production. Trees, at 
higher densities, may out-compete grasses, particularly during dry periods (Ansley et al. 
2014). Stuart-Hill et al. (1987) also suggested that studies pertaining to the competition 
between trees and grasses should take tree density into account. In this study, Acacia karroo 
tree density had an influence on grass yield (Tables 7), specifically in dry years and at high 
densities (Figure 18). Similarly, the production of plant material was measured to be less 
under and adjacent to canopies of Juniperus virginiana trees (Engle et al. 1987, Zavaletu and 
Kettley 2006). Even in high rainfall areas (up to 1 200 mm per year) the herbaceous 
production under tree canopies was found to be reduced compared to open areas (Mordelet 
and Menaut 1995). After the removal of Eucalyptus and mesquite trees, a significant increase 
in grass production was reported (Harrington and Johns 1990, Martin and Morton 1993). 
However, although these results suggest a negative impact of trees on grass, they 
unfortunately could not be expected to be directly comparable to that of Acacia karroo trees. 
This is because different species respond in different ways and experiments where trees are 
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removed only removes the shading effect and immediate competition by the tree, leaving the 
soil enrichment to continue influencing grasses for years. 
More important, in this study, results indicate that in both high and low rainfall areas, if 
sufficient rain falls in a given year, tree density had no effect on grass yield (Section 4.3.1). 
Reduced grass production has been recorded under Acacia karroo tree densities of above 
300 TE/ha (Aucamp et al. 1983, Stuart-Hill 1987). In similar areas investigated in this study, 
a decline in grass production was recorded after substantially higher tree densities were 
reached. These sites were in the drier areas sampled and high tree densities under these 
moisture limitations reduced grass yield. Tree densities of over 3 000 TE/ha at the three dry 
sites resulted in decreased grass yield at rainfall of approximately 400 mm per year (Figures 
7, 8, 28 and 29). The studies of Aucamp et al. (1983) and Stuart-Hill (1987) were conducted 
in areas of low tree densities and their studies also included areas where trees were removed. 
Their tree density threshold for a production decrease differs from that found in this study 
because the sites investigated here were not areas where trees were removed to alter tree 
densities prior to surveys. In this study, in areas with rainfall of less than 600 mm per year the 
availability of moisture was restricted and the trees outcompeted grasses for moisture at tree 
densities of over 3 000 TE/ha. When trees reach these high densities they use substantial 
moisture and as a consequence the soils dry out at a faster rate. This limits the time period 
over which moisture is available to grasses. Trees have the added competitive advantage 
(Harrington and Johns 1990, Joubert et al. 2013, Ansley 2014) of having both shallow and 
deep root systems, utilizing moisture from soil strata inaccessible to grasses, with their 
shallower root systems. This results in trees outcompeting grasses for moisture and 
subsequently reduced grass yields (Martin and Morton 1993, Mordelet and Menaut 1995, 
Engle et al. 1987, Zavaletu and Kettley 2006, Smith et al. 2013). 
At one of the study sites, while having similar rainfall to that of other two dry sites (Figure 7), 
the site had much lower tree densities – about half that recorded at the other dry sites (Figure 
8). These low tree densities at this site reduced the level of tree competition on grasses. Even 
though this site was close to the area at which Aucamp et al. (1983) and Stuart-Hill (1987) 
did their work, in this study no significant impact of tree density on grass production was 
found here (Section 4.3.1) implying that trees and grasses can co-exist with no substantial 
negative influences on grass yield in dry areas, but only if tree densities are low (<3 000 
TE/ha). When compared to this Eastern Cape study, the two layer approach with regards to 
tree grass interaction without substantial competition for moisture as described by Walter in 
102 
 
1971 may apply in dry areas of the Eastern Cape and at low tree densities. Under these 
conditions, the findings also confirm that of Stuart-Hill and colleagues (Stuart-Hill et al. 
1987, Stuart-Hill and Tainton 1988, Stuart-Hill 1989) who reported greater grass production 
under Acacia karroo trees at low tree densities. 
Heubes et al. (2013) reported that grass responses will differ between dry and humid areas. In 
this study at the wet sites (> 600 mm), where rainfall not a limiting factor, tree densities only 
reduced grass yield during a below average rainfall year (dry year < 600 mm). Under 
sufficient rainfall conditions, there is no correlation between Acacia karroo tree density and 
the decline in grass production. Sufficient rainfall reduced the competitive influence of 
Acacia karroo trees at high densities. Similar to these findings for higher rainfall areas, this 
positive interaction between leguminous plants and grasses is widely accepted (Clarkson et 
al. 1987, Sengul 2003, Cerquiera et al. 2004). 
This study demonstrates that rainfall is the determining factor for the influence of tree density 
on grass production. The impact of Acacia karroo tree density is greater in drier areas and 
during drier periods in high rainfall areas at high tree densities. Only in two of the driest sites 
(Cradock and Cathcart), and during the driest year at the Kubusi Drift site did tree density 
negatively affect grass yield. While this study has already shown that tree density negatively 
impacts yield, this was more so when moisture is limited, emphasising the negative impact 
Acacia karroo trees at high density can have in dry areas or in a dry year. During the wet year 
when moisture was not a limitation, tree density was not associated with varying yield. This 
is in line with a statement made by O’Connor (1995b) that “Rainfall can be seen as a major 
contributor to plant species behaviour”. In this case the impact of Acacia karroo trees was 
different from results where Acacia tortilis trees were found to increase herbaceous 
productivity more in drier than in wetter habitats (Belsky et al. 1993). If the ratio between 
average tree density and annual rainfall is calculated (tree equivalents per hectare/annual 
rainfall in mm), all ratios over 8.23 TE ha-1 mm-1 coincided with a negative influence of trees 
on grass yield: 
Cradock dry year = 13.77 TE ha-1 mm-1 
Cradock wet year = 9.67 TE ha-1 mm-1 
Cathcart dry year = 18.91 TE ha-1 mm-1 
Cathcart wet year = 8.24 TE ha-1 mm-1 
Kubusi Drift dry year = 12.19 TE ha-1 mm-1 
 
All sites with a ratio below 8.22 TE ha-1 mm-1 showed no influence of trees on grass yield: 
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Adelaide dry year = 8.21 TE ha-1 mm-1 
Adelaide wet year = 4.34 TE ha-1 mm-1 
Kubusi Drift wet year = 6.17 TE ha-1 mm-1 
Kei Mouth dry year = 4.05 TE ha-1 mm-1 
Kei Mouth wet year = 1.87 TE ha-1 mm-1 
The figure of 8.23 TE ha-1 mm-1 can be used as a threshold above which Acacia karroo trees 
will reduce grass production. Across the Eastern Cape, this ratio can be used to provide 
advice on a site-specific basis, irrespective of rainfall or tree density, but accounting for both. 
Callaway and Walker (1997) also refer to a balance between the “positive” and “negative” 
effects that eventually determines the impact that tree density will have on grass production. 
5.2.3 The influence of tree density on grass quality (protein content) 
The value of a pasture is determined by several factors, firstly quantity (how much feed is 
produced), and secondly quality (how will the feed source impact animal performance). This 
study has shown that tree density can impact the quantity of grass produced depending on 
yearly rainfall. The quality of the feed source (grass) is of importance to ensure animal 
performance and in other studies it was measured that trees compete with other trees (Beale 
1973, Martens et al. 1997, Smith and Goodman 1986, Smith and Grant 1986, Moustakes et 
al. 2008) and grasses (Aucamp et al. 1983, Stuart-Hill et al. 1987, Stuart-Hill 1989, 
Harrington and Johns 1990, Martin and Morton 1993, Mordelet and Menaut 1995, Engle et 
al. 1987, Zavaletu and Kettley 2006) for resources (nutrients). These are determining factors 
that will affect plant quality. In some cases trees show benefit and promote the growth of 
other tree species (Smith and Walker 1983, Zavaletu and Kettley 2006) and grasses (Stuart-
Hill et al. 1987, Stuart-Hill and Tainton 1988, Stuart-Hill 1989, Hobson and De Ridder 1993, 
Grouzis and Akpot 1997). 
Some leguminous trees (e.g. Acacia karroo) will have a positive effect on the quality and 
species composition of grass material that may influence animal selection of the feed in 
surrounding areas (Belsky et al. 1993, Cerqueira et al. 2004, Abule et al. 2005, Treydte et al. 
2010), enhancing the soil with nitrogen-rich leaf material (Smit 1999) and providing shade 
conditions preferred by some grass species (Van Oudshoorn 1992). In particular, leguminous 
trees (such as Acacia karroo) are expected to have positive impacts on neighbouring plants 
increasing the crude protein levels of grasses because of nutrient facilitation. The results from 
this study showed a positive correlation between Acacia karroo tree density and grass quality 
(measured as crude protein content) for the combined data set (all five sites) as well as the 
two separate years (Section 4.4.1). In this study Acacia karroo as a leguminous tree had a 
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positive influence on grass quality, showing higher crude protein content in grasses where 
tree densities were higher (Figure 11).  
At the Kubusi Drift site there was a positive effect of tree density on the grass crude protein 
content. Tree densities varied most at this site, and at this site the relationship was positive 
with crude protein content increasing as tree density increased (Figure 11). This site also had 
the highest tree densities measured (Figure 8). The crude protein response in the grasses at 
this site indicates that the beneficial mineral supplementation to the soil and the subsequent 
quality benefits to grasses as not being limited to areas with high tree densities. 
Some leguminous trees that have nitrogen content higher than that of the grass will have a 
positive effect on grass crude protein levels (Koukoulakis and Tziolas 1981, Waramit et al. 
2012, Valk et al. 2000, Pachanavan 1997). The grasses in the areas with the lower Acacia 
karroo tree densities, would have had limited benefit from the trees because fewer trees will 
produce less leaf litter to influence soil organic matter and soil nitrogen levels. The beneficial 
soil properties caused by leguminous plants (Clarkson et al. 1987, Sengul 2003, Grouzis and 
Akpot 1997, Belsky et al. 1993, Zavaletu and Kettley 2006, Hagos and Smit 2005, Abule et 
al. 2005) will therefore be limited. In this study, the Adelaide site had a low tree density in 
comparison to the other sites. The positive influence of the Acacia karroo trees on grass 
quality was therefore expected to be limited, specifically during the higher rainfall year 
(Figure 10).  
A control (Table 12) was done to determine if the density benefits from Acacia karroo trees 
on grass quality were caused by shade or from the mineral supplementation via the soil as a 
result of the leguminous properties of Acacia karroo tree. In this study, results show no 
difference in yield for shaded areas without trees (80% shade cloth covered) compared to 
areas with Acacia karroo trees (shade under trees). However, a significant difference was 
recorded for crude protein content in grasses growing under the leguminous trees compared 
to those under shade cloth during both the dry and wet years of the study.  
Plant quality was also tested during the winter. Acacia karroo tree density increased grass 
quality during the winter period. Similar results showed that mixing leguminous plants with 
grasses increased the crude protein value of the pasture through grasses benefitting from the 
nitrogen fixed by the legumes (Sengul 2003). Acacia karroo trees constantly take up elements 
from soils at depths different to those occupied by grasses. However, they deposit these 
minerals back to the soil through leaf drop. These minerals then become available to grasses 
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and can be absorbed by their roots, thereby improving grass quality. The availability of these 
nutrients is linked to rainfall as, for example, during high rainfall periods (summer months) 
minerals may leach out of the soils faster, limiting their availability to plants. During the 
winter period with lower rainfall, this process slows down and the soil mineral 
supplementation benefits from the trees influences grass quality. 
Tree density in combination with rainfall also influenced the crude protein content in grasses. 
If tree density to rainfall ratios are calculated, unlike with yield, there is a distinct separation 
of ratio thresholds in dry and wet areas. Separate ratios apply: one that applies to the three dry 
sites and a different one for the two wet sites.  
The tree density to rainfall ratio threshold above which grass crude protein content increases 
at dry sites (with less than 600 mm rain per year) was 10 TE ha-1 mm-1. Under conditions of 
high rainfall (above 600 mm per year) the threshold was lower at around 5 TE ha-1 mm-1 
above which grass crude protein content increases. During high rainfall years when the tree to 
rainfall ratio drops below this benchmark no significant influence of trees on grass crude 
protein content was recorded. It also becomes evident that fewer tree equivalents will be 
required per millimetre of rainfall under wet conditions to result in an increase in grass crude 
protein content. While this seems strange, it could be explained in that the positive influences 
are derived from the amount of material (leaf litter) produced by trees and that in the high 
rainfall areas lower tree densities produce more material than the same tree density in the 
drier areas. It may also be that in the poorer soils of high rainfall areas, grasses will respond 
more rapidly to the soil enrichment provided from leaf litter than would be the case in the 
better quality soils of the drier areas. 
This study shows that both rainfall and tree density appear to be the determining factors for 
both grass yield and quality, as if on two ends of a balance beam. Such a balance between 
different factors as they influence the overall effect trees may have on grasses, has also been 
raised by others (Callaway and Walker 1997). Lower rainfall areas can benefit from trees by 
enhanced grass quality. During wet years or in high rainfall areas the tree production would 
have to be substantially greater to impact this balance (rainfall and tree density) and hence, to 
increase grass quality. Under high rainfall, increased grass production results in lower crude 
protein content except under the higher tree densities. The Kubusi Drift site is such an 
example. Although in a high rainfall area, the high tree densities at the site caused increased 
crude protein content in the grass. 
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5.2.4 The influence of tree density on soils 
Veld deterioration is generally correlated with poor pasture quality, poor soil quality and low 
pasture carrying capacity. The impact of these situations is serious as production per hectare 
inevitably declines under poor soil conditions. In areas where conditions have already 
deteriorated, encroachment from Acacia karroo trees may alleviate these negative conditions 
subsequently increasing carrying capacity. 
Initially soil properties will impact tree growth and survival (Wakeling et al. 2009), after 
which established trees then may have a positive and enriching effect on soil in their 
surrounding areas (Zavaletu and Kettley 2006, Hagos and Smit 2005, Noumi et al. 2011, 
Abule et al. 2005). The findings already show that Acacia karroo tree density has a 
significant impact on both grass yield and grass quality (crude protein content). As such trees 
can also influence the soil. It is therefore important to clarify if any correlation between 
Acacia karroo tree density and soil properties exist. Any soil changes that may be the cause 
of tree encroachment and the subsequent soil enrichment through the addition of organic 
matter may directly influence grass yield and quality. 
Soil nutrient increase has been recorded for various other tree species: Acacia tortilis 
(Grouzis and Akpot 1997, Moleele and Perkins 1998, Noumi et al. 2011), Baccharis pilularis 
(Zavaletu and Kettley 2006), Acacia mellifera ssp. detinens (Hagos and Smit 2005) and 
Balanites aegyptica (Abule et al. 2005). The expected increase in soil nutrients because of 
Acacia karroo trees can potentially increase grass quality (Koukoulakis and Tziolas 1981, 
Pachanavan 1997, Valk et al 2000, Waramit et al. 2012). 
Significantly increased calcium concentrations were found under Acacia mellifera trees 
(Hagos and Smit 2005) and increased phosphorus levels were reported under Acacia tortilis 
trees (Noumi et al. 2011). However in this study, Acacia karroo not only increased one of 
these macro soil elements as reported for Acacia mellifera and Acacia tortilis, but increased 
both soil calcium and phosphorus. Both phosphorus and calcium play an important part in 
plant growth and sustainability. Phosphorus is essential for photosynthesis, plant growth, 
respiration and plant regeneration as well as cell division, root growth, flower development 
and seed maturing. Trees increase calcium levels in the soil during dry periods as was also 
found by Hagos and Smit (2005). Calcium enhances protein development and is essential for 
cell growth. In this way it is associated with plant quality. 
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Furthermore, Acacia karroo also reduced soil temperature (through shading), acid saturation 
levels and increased soil pH. The increase in pH is similar to results found under Acacia 
tortilis and Balanites aegyptica where an increase in soil pH was found under trees (Abule et 
al. 2005). In high rainfall areas with low soil pH, root development is reduced, further 
affecting nutrient uptake into plants. Successful plant growth generally occurs at soil pH 
levels between 5.8 and 6.8 (www.highnutrients.com/limiting-factors.html). The fact that tree 
density is associated with higher soil pH indicates that the trees are a benefit to combat poor 
soil conditions in high rainfall areas. 
The influence of trees on soil temperature could have either a positive or negative influence 
on grass growth. At the coast where temperatures are usually mild (Figure 12), low soil 
temperatures could reduce growth (Figure 9), while in the drier and hotter interior low soil 
temperatures under trees may reduce water evaporation after rain, keeping soils moist for 
longer periods extending growth periods.  
Organic matter is often associated with high soil water holding capacities (Parker 2010). 
Organic material in soils can also improve water infiltration, root development and improve 
soil stability. Acacia karroo tree encroachment, even though detrimental to grass yield under 
dry conditions, may improve soils to benefit grasses in the areas where water is not limiting. 
The positive influences tree density have on these soil elements as shown by the data will 
improve grass production and quality. 
5.3 Soil influences 
Environmental factors such as tree density, soil temperature and soil element concentrations 
can have a combined effect on grass growth and grass quality. Multiple linear regression 
analysis determined which environmental factors had the greatest effect on the grass yield 
and grass crude protein content. Because of variability in tree density and soil element 
concentrations between the different areas (Figures 8, 15 to 17), it is important to measure 
which of these factors or combinations of them could potentially influence seasonal grass 
yield and grass quality. 
5.3.1 The influence of soil properties on grass community composition 
At the Adelaide site, there was variation in vegetation pattern within the site. One of the 
sample areas was situated along a north facing slope and was therefore drier. This area was 
dominated by Tragus koeleriodes and Eragrostis obtusa, both of which are common species 
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in drier, disturbed and overgrazed areas (Figure 26). Animals are known to prefer grazing 
along sweeter north facing slopes. Even though these grasses can thrive in various soil types 
and habitat, they are particularly abundant on disturbed soils. Louhaichi et al. (2012) found 
that overgrazing may advantage non-palatable species to the extent that they invade areas, 
subsequently reducing plant diversity. Grazing pressure could well be the reason for these 
species being abundant within the area. Soil acidity was found to be the environmental factor 
affecting the abundance of the above mentioned two grass species. Tragus koeleriodes and 
Eragrostis obtusa prefer the drier north facing slopes because of the lower soil acidity that 
develops due to low levels of nutrient leaching. 
The other areas at the Adelaide site were on a moist south-east and south-west facing slope. 
These areas had high abundance of Panicum maximum and Cynodon dactylon, species that 
prefer shaded, moist areas, with good quality soils (Van Oudshoorn 1992). Panicum 
maximum thrives in moist and fertile soils. Cynodon dactylon does best on soils with high 
nitrogen content and in wetter conditions. 
5.3.2 The influence of soil properties on grass yield 
The balance required to assure sustainable, successful plant interaction and growth, is an 
important fact to keep in mind (Callaway and Walker 1997). Plant growth (yield) is affected 
by various impact factors such as rainfall, tree density, soil properties and other climatic 
conditions (Ward 2005). The two environmental factors to stand out during both the dry and 
wet year are that of soil water holding capacity and the macro element, phosphorus. 
Higher soil pH levels can benefit grasses in higher rainfall areas specifically in the Sourveld 
where the soils are generally known to have very low pH levels (below 5.0), as is the case for 
the Kei Mouth study area. Correct soil pH levels of between 5.8 and 6.8 
(www.highnutrients.com/limiting-factors.html) are required to ensure the accessibility of 
macro soil elements (such as phosphate and nitrogen) to plants. The same is also largely true 
for micro soil elements, for example molybdenum is influenced by soil pH levels. Optimum 
soil pH contributes to healthy plant root development and ensures optimum functioning of 
soil microorganisms.  
In the dry year, soil water holding capacity, phosphorus and soil acidity shared a positive 
correlation with yield. Higher soil water holding capacity, specifically in a dry year, will 
promote plant growth. Soil phosphorus concentration increased with tree density (Noumi et 
al. 2011) in the dry year, and was manifest in enhanced grass yield. 
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In the wet year high soil water holding capacity, zinc and soil phosphorus concentration 
maintained a positive influence on grass yield. Because of the relationship between 
phosphorus and photosynthesis, plant growth, respiration and plant regeneration processes, it 
is comprehensible that increased grass production be associated with high levels of of this 
element in the soil. 
Potassium had a negative correlation with grass yield. Plants need high quantities of 
potassium compared to other soil elements. Potassium is found in the plant cell fluid where it 
plays a role in the transporting of nitrogen through the plant. Potassium is highly mobile in 
plants and promotes the formation of proteins, sugars, starch and oils. During wet years when 
grasses grow at a faster rate, producing high volumes of material, high quantities of 
potassium will be required. This may reduce the levels of potassium in the soil during periods 
of high demand, hence the negative correlation of potassium and grass yield during wet years. 
5.3.3 The influence of soil properties on grass quality (protein content) 
During winter, the soil calcium was positively correlated with grass quality. Soil water 
holding capacity (Figure 12) and soil acidity (Figure 14) show a negative correlation with 
protein content. The Adelaide and Cathcart soils had low acidity and were associated with 
higher quality grass, while the high acidic soil conditions at Kei Mouth and Kubusi Drift sites 
were associated with lower quality grass. In areas with lower rainfall, grass yield is lower, but 
the grass is of a higher quality (higher crude protein content; Figure 10). 
In areas with high rainfall (Figure 7) and concomitant acidic soils (Figure 14) grass 
production is high (Figure 9), but generally this is of a poor quality (low crude protein 
content; Figure 10). As a result, pastures on these acidic soils produce high quantities of 
material, at the cost of quality.  
5.4 Pasture value 
The pasture value determination is based on the values of both grass yield and grass crude 
protein percentages. Even though the R2 values between TE/ha and that of crude protein, 
yield and pasture value were weak, the figures provide a different prospective to the results. 
This value better explains the true influence Acacia karroo tree density has on grass. The 
pasture value can be used to determine the economic viability of reducing trees. Four separate 
models relating the tree densities and pasture values under various rainfall regimes can 
explain this relationship. 
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The pasture value index threshold at which trees have an effect differs amongst the different 
models. In the high rainfall areas higher tree densities must develop (around 30 000 TE/ha) 
before clearing will improve the pasture value. In the lower rainfall areas (below 600 mm. per 
year) this threshold is much lower (at around 3 000 TE/ha). This means that higher tree 
densities can be tolerated without loss of pasture value in the higher rainfall areas. 
6. Conclusions 
Despite the complexity of the various factors playing different roles with regard to the effects 
of Acacia karroo density on yield and crude protein content in grass communities, the 
findings of this study clarify several aspects and elucidate the influence of bush on pastures 
under the various rainfall regimes of the Eastern Cape of South Africa. 
Scogings (2008) proposed separating effects into at least three rainfall levels – here four have 
been considered to best assess the patterns in the Eastern Cape. The data differ from other 
studies of the impact of altering Acacia karroo tree density (see above) in that they reflect 
prediction values determined from practical field surveys under various natural (unaltered) 
tree density environments. No pre-survey changes were made and the findings represent in 
situ tree densities without the effects of past management decisions. The data were collected 
at all the sites during the same time period, resulting in comparability between areas. The 
survey area covered a wide range of rainfall regimes, providing predictive values suitable for 
the entire Eastern Cape region. This study provides information on the impact of tree density 
on grass yield, quality and species composition for various rainfall regimes and provides a 
wide range of predictive scenarios over the region (at rainfall regimes from low at 200 mm 
per annum to as high as 1 000 mm per annum). 
6.1 How does tree density influence species composition under different 
rainfall regimes? 
Grass species composition did not differ over the full range of tree densities recorded at each 
site. The exception was found at the site with the highest tree densities (Kubusi Drift, up to 
50 000 TE/ha). Here grass species composition was affected when Acacia karroo tree 
densities were over 12 500 TE/ha. Grass species such as Cynodon dactylon showed specific 
preference for high tree densities. Even though the communities differed in species 
composition, their influence on grass yield and quality was marginal compared to that of 
rainfall and tree density. The study shows that grass species composition had limited impact 
on pasture yield and crude protein content. 
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6.2 How does tree density influence grass production under different 
rainfall regimes? 
Tree density influenced grass production differently at each site because of differences in 
annual rainfall. The lower the rainfall the greater the magnitude of tree density influences. At 
the drier sites (long-term annual rainfall of <600 mm) tree densities above 3 000 TE/ha 
reduced grass production. The wetter sites (long-term annual rainfall of >600 mm) showed 
that tree density only started to influence grass production in drought years, when annual 
rainfall fell below 550 mm. For the most part, tree density can be considered to have no 
influence on grass production in the wetter areas of the Eastern Cape.  
The decline in grass yield was influenced by yearly rainfall, with reduced impact during wet 
years. During dry years (less than average rainfall) trees were found to be highly competitive 
for moisture and they affected grass yield. The tree density to moisture ratio could be used as 
a threshold above which trees were found to reduce grass yield. The threshold over all rainfall 
regimes of the Eastern Cape was determined to be 8.23 TE ha-1 mm-1.  
6.3 How does tree density influence grass quality under different rainfall 
regimes? 
This study has established the importance of rainfall and tree density on grass quality in an 
inverse pattern to that found for yield.  
The effects of high densities of Acacia karroo trees in improving grass quality were 
counteracted by high rainfall. Grasses growing under high rainfall conditions had lower crude 
protein levels compared to that of dry areas. This effect was caused by nutrients being 
washed from soils. However, where tree densities were low, this was exacerbated by low 
benefits of soil enrichment due to litter fall.  
Yearly rainfall also impacted crude protein content in grasses, wet years produced lower 
levels (all sites average of 8%) of crude protein content in grass pastures than those for dry 
years (all sites average 9%) at the same sites. 
A strong correlation between tree density and grass crude protein content has been 
demonstrated here with Acacia karroo trees (not shade) increasing crude protein content of 
grass by as much as 4% because of their leguminous benefits. The site with the highest 
maximum tree density also had the greatest increase in crude protein content in grass as a 
result of the presence of trees – increasing from 8% crude protein in grasses where there were 
no trees to 12% for grasses growing beneath high tree densities (over 27 000 TE/ha). 
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6.4 How does tree density influence soil quality under different rainfall 
regimes? 
An increase in tree density and the subsequent soil improvement from a build-up of organic 
material improved the soils under trees. This study suggests that Acacia karroo trees 
improved soil properties (phosphorus and calcium concentration), both macro soil elements 
essential for sustainable plant growth. Potassium, zinc and magnesium in soil also showed a 
positive correlation with tree density. Furthermore, tree density was associated with increased 
soil pH and reduced soil temperature and acid saturation. A combination of these findings 
indicate that Acacia karroo trees improve soils, benefitting plant growth specifically in the 
higher rainfall areas where soils are mostly poor. They may therefore be introduced in areas 
with poor and depleted soils, such as old lands, degraded vegetation and eroded areas where 
they can contribute to rehabilitation of soil quality. 
6.5 Evaluation of original hypotheses  
This study considered the following hypotheses and the findings are used to accept or reject 
these as follows: 
 That rainfall amount determines the influence of Acacia karroo tree density on grass 
production.  
The first hypothesis is accepted. Tree density reduced grass yields at dry sites and during dry 
years in wet sites. When rainfall was not restricted, tree density had no effect on grass yield. 
Differences in grass yield and quality data were found between all sites except for the 
Cathcart and Adelaide sites (these have similar long-term annual rainfall). 
 That rainfall amount determines the influence of Acacia karroo tree density on grass 
quality.  
This hypothesis is accepted. During drier years, tree density improved grass crude protein. At 
wet sites and during the wet years at dry sites, grass quality was not affected by tree density. 
 That an increase in tree density will reduce grass production.  
This hypothesis is rejected. Although tree densities reduced grass production in dry areas and 
during the dry years in wet areas, this was not found to be true during years when moisture 
was not limited. An amended hypothesis could be formulated to state that an increase in tree 
density only reduces grass production in dry areas. 
 That the increase in tree density will improve grass quality.  
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This hypothesis is accepted. Tree density increased grass crude protein levels throughout, 
both during the wet and dry years. 
 That the increase in tree density will transform grass species composition.  
This hypothesis is accepted. If tree density is high enough (very high), grass species 
composition changed. 
 That the increase in tree density will alter soil properties.  
This hypothesis is accepted. Increased tree densities change the soil properties with changes 
recorded in both soil macro and micro elements as well as soil pH and acidity levels. 
7. Recommendations 
7.1 Recommendations for Eastern Cape Farmers 
This research provides data (for yield, grass crude protein content and pasture value) obtained 
under four rainfall regimes. The results provide a platform with respect to future planning. 
This information could be used in future when considering impacts caused by bush 
encroachment, impacts of climate change, agriculture planning, veld management, veld and 
pasture rehabilitation, and grazing capacity changes (caused by plant community change). 
Large areas of agricultural land in South Africa fall within the communal farming sector 
mainly in rural areas, where groups of farmers share farming land. The areas are utilized to 
support a variety of animal species (goat, sheep, beef and dairy cattle) and are sometimes 
severely degraded (Meadows and Hoffman 2003). Maintenance of high animal numbers 
during droughts are particularly damaging if farmers do not to destock when animal losses 
occur and animal condition declines (Illius et al. 1998). In the commercial farming sector, 
economic factors pressure farmers to increase production per area at ever increasing farm 
input costs. Both these scenarios put strain on already pressured vegetation. The sustainability 
of large areas is therefore vulnerable due to overutilization and deterioration. Bush 
encroachment may then add to the degradation (Roquest et al. 2001). 
Bush encroachment is a concern in both these farming sectors (commercial and communal) 
making it necessity to adapt farming practices to manage this encroachment. The predictive 
value of this study will assist farmers in planning management interventions for bush 
encroachment so as to ensure sustained agriculture production.  
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Deterioration of the vegetation on many farms in South Africa has reduced farm production 
(Milton and Dean 1995). Limited soil nutrient availability in areas can cause nutrient 
availability to be a greater constraint than moisture (Le Roux et al. 1995). Soil improvement 
under leguminous trees results in an increase in crude protein in grasses (Cerqueira et al. 
2004) and as a result many pastures are supplemented with legume species (Sengul 2003). 
The positive influences of Acacia karroo on soil and grasses is not their only benefit. 
Leguminous plants (e.g. Acacia karroo) are also a high value feed source and could benefit 
animal performance if managed (Urbano et al. 2006, Anon 2006, Mapiye et al. 2010, 2011). 
Even though grazing and browsing management should strive to always maintain the highest 
animal productivity within quantity and quality constraints (Teague 1987), areas with Acacia 
karroo trees should be strategically managed to maintain tree densities at favourable levels, 
given the rainfall conditions, to ensure that pasture yield and pasture quality are maintained. 
Animal behaviour such as area selection may impact pasture sustainability. Increased pasture 
quality (high crude protein content) may improve plant palatability at a cost of high intensity 
grazing pressure. Regularly grazed material will have increased crude protein content 
(Pachanavan 1997, Pavlu and Velich 1998), increasing the risk of continuous area selection 
by the grazers. Tree density reduction must be planned well and should consider tree numbers 
and tree size. The removal of big trees may have a big effect on pasture production (Scanlan 
2002), but this contrasts with the smaller clearing costs of many small trees (e.g. hand pulling 
of seedlings versus chopping/sawing of large trees) resulting in the same effect.  
In this study, results show that under dry conditions, high Acacia karroo tree density had a 
negative impact on grass production, but in wet areas and during wet years when moisture 
was not limited, even under very dense Acacia karroo densities, there was insignificant 
impact on grass production. Rainfall was the overriding environmental variable that 
influenced grass yield responses as mitigated by Acacia karroo tree density. This significant 
impact on grass yield means that areas that differ in rainfall require different management 
recommendations. This study provides information for both low and high rainfall scenarios, 
covering the full range of regimes (200-1 000 mm) for the Eastern Cape.  
Over all rainfall regimes and tree densities, the gain in pasture value was well below the 
current cost of tree clearing, implying that it is not economically feasible to do any form of 
bush clearing of Acacia karroo in the Eastern Cape at present. The predictive figures (grass 
yield, crude protein content and resultant pasture value) for the four rainfall regimes were 
used to determine the best economically sustainable Acacia karroo tree density levels for 
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each. An integrated pasture value index was developed that shows that, in areas with rainfall 
of less than 600 mm/year, the optimum Acacia karroo tree density was 3 000 TE/ha in order 
to maximise the benefits of soil enrichment and while minimising the detriments on yield. In 
areas with a higher rainfall, the benefits and detriments are too small to be of use in 
determining management actions. In these cases, the cost of clearing is the overwhelming 
constraint. 
Based on the findings of this study, and because rainfall and tree density accounted for most 
of the observed variation in yield and crude protein content, management actions pertaining 
to Acacia karroo bush encroachment in the Eastern Cape can be made as follows: 
In low rainfall areas the grass crude protein content influenced the pasture value to such an 
extent that a decline in pasture value was reached at tree densities of over 6 000 TE/ha. The 
best pasture value is at 3 000 TE/ha (Figure 28). Taking, bush clearing costs to be R350 per 
1 000 tree equivalents, reducing tree density from 5 000 TE/ha to 3 000 TE/ha will cost 
R700/ha. Unfortunately, the immediate pasture value benefit is only R100/ha. At higher tree 
densities the cost still outweighs the benefit – e.g. to reduce from 10 000 TE/ha to 3 000 
TE/ha will cost R2 450/ha and benefit only R1 000 in pasture value; to reduce from 
15 000TE/ha to 3 000 TE/ha costs R4 200 and benefits R1 500 in pasture value. At all tree 
densities recorded in dry areas, the cost is therefore not justified in terms of pasture 
improvement. 
In medium-low rainfall areas the crude protein levels in the pasture influence its value to such 
an extent that a decline in pasture value was only reached at tree densities over 4 000 TE/ha. 
The highest pasture value in this region is achieved at 3 000 TE/ha (Figure 29). With bush 
clearing costs of R350 per 1 000 tree equivalents reducing the bush to 3 000 TE/ha will cost 
R700/ha and R4 200 to reduce from 15 000 TE/ha to 3 000 TE/ha. However, this will only 
gain a pasture value benefit of R200/ha or R800/ha respectively. Clearing costs are even less 
justified in this rainfall category compared to low rainfall areas. 
In medium-high rainfall areas high crude protein percentages in the grass pasture 
significantly influenced the pasture value and the overall pasture value index maximum was 
as high as at 30 000 TE/ha. Bush clearing will cost R7 160 to reduce the tree density from 
50 000 TE/ha to 30 000 TE/ha and gain R3 500 in pasture value. Similarly, in high rainfall 
areas, clearing costs far outweigh the benefits in crude protein content of the grass, and at no 
stage is clearing recommended. 
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7.2 Recommendations for future research 
The research presented in this thesis has highlighted the need for more research on Acacia 
karroo bush encroachment, particularly in the Eastern Cape. In particular, a low-cost clearing 
option appears to be essential, without which there is no economically feasible management 
option for farmers. The economic sustainability of alternative Acacia karroo control methods 
under continuous bush encroachment also remain to be determined as is the response of the 
population to tree removal. For example, how soon will a flush of seedlings appear where a 
tree has been removed, and how soon will follow-up clearing be needed? If tree density is 
reduced, how will tree size modify the benefits of removal as they impact on grass yield and 
possibly affect future encroachment? Monitoring bush encroachment dynamics and triggers is 
also still required as little is known about if, and when Acacia karroo tree encroachment 
ceases. 
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Appendix 1. Plant species names and codes used in ordination and 
classification. 
ALSE Alloteropsis semialata (R.Br.) Hitchc. 
ANAP Andropogon appendiculatus Nees 
ARBA 
Aristida congesta Roem. and Schult. subsp. barbicollis (Trin. and Rupr.) De 
Winter 
ARCO Aristida congesta Roem. and Schult. subsp. congesta 
ARDI Aristida diffusa Trin. 
ARJU Aristida junciformis Trin. and Rupr. 
ATLI Atriplex lindleyi Moq. 
BRSE Brachiaria serrata (Thunb.) Stapf 
CECI Cenchrus ciliaris L. 
CHVI Chloris virgata Sw. 
CYDA Cynodon dactylon (L.) Pers. 
CYPL Cymbopogon pospischilii (K.Schum.) C.E. Hubb. 
CYVA Cymbopogon nardus (L.) Rendle 
DIER Digitaria eriantha Steud. 
DINA Digitaria natalensis Stent 
EBFE Ruschia imbricata (Haw.) Schwantes 
EHCA Ehrharta calycina Sm. 
ELMU Elionurus muticus (Spreng.) Kuntze 
ENSC Enneapogon scoparius Stapf 
ERCA Eragrostis capensis (Thunb.) Trin. 
ERCH Eragrostis chloromelas Steud. 
ERCU Eragrostis curvula (Schrad.) Nees 
ERGA Eragrostis gummiflua Nees 
ERLE Eragrostis lehmanniana Nees 
EROB Eragrostis obtusa Munro ex Ficalho and Hiern 
ERPL Eragrostis plana Nees 
ERRA Eragrostis racemosa (Thunb.) Steud. 
EUCA Euphorbia caterviflora N.E.Br. 
EUPA Eustachys paspaloides (Vahl) Lanza and Mattei 
FEMU Felicia muricata (Thunb.) Nees 
HAFA Harpochloa falx (L.f.) Kuntze 
HECO Heteropogon contortus (L.) Roem. and Schult. 
HEDR Helichrysum dregeanum Sond. and Harv. 
HYHI Hyparrhenia hirta (L.) Stapf 
LYCI Lycium cinereum Thunb. 
MI(s)CA Miscanthus capensis (Nees) Andersson 
MICA Microchloa caffra Nees 
PADI Paspalum distichum L. 
PAMA Panicum maximum Jacq. 
SESP Setaria sphacelata (Schumach.) Moss 
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SPAF Sporobolus africanus (Poir.) Robyns and Tournay 
SPFI Sporobolus fimbriatus (Trin.) Nees 
SPIO Sporobolus ioclados (Trin.) Nees 
STUN Stipagrostis uniplumis (Licht.) De Winter 
THTR Themeda triandra Forssk. 
TRKO Tragus koelerioides Asch. 
TRLE Tristachya leucothrix Nees 
TRRA Tragus racemosus (L.) All. 
FORB Forbs 
 
